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Zusammenfassung
Um die physikalischen Grenzen der heutigen Informationsspeichertechnologie zu
u¨berwinden, hat sich das Konzept der widerstandsbasierten Informationsspeiche-
rung als erfolgversprechend herausgestellt. Diese RRAM (Resistive Random Access
Memory) Technologie basiert auf der nicht-flu¨chtigen A¨nderung des elektrischen Wi-
derstandes eines Materials durch a¨ußere elektrische Anregung. Dieses reversible Wi-
derstandsschalten ist in vielen oxidischen Materialien gefunden worden. Innerhalb
der Materialklasse der U¨bergangsmetalloxide mit Perowskit Struktur wird Stronti-
umtitanat (SrTiO3) als Modellsystem betrachtet. SrTiO3 (STO) kann seine elektri-
schen Eigenschaften aufgrund einer Eigendotierung mit Sauerstoffleerstellen, welche
als flache Donatoren fungieren, von einem Band-Isolator hin zu einer metallischen
Leitfa¨higkeit a¨ndern. Die reversible Widerstandsa¨nderung kann durch einen lokalen
Redoxprozess, basierend auf der An- oder Abreicherung von Sauerstoffleerstellen an
einer Metall-Isolator Grenzfla¨che, induziert werden.
Im Rahmen dieser Dissertation wurde die Elektroformierung und das resistive
Schalten von du¨nnen Strontiumtitanat (SrTiO3) Filmen untersucht, um die phy-
sikalischen Effekte die zu der reversiblen Widerstandsa¨nderung fu¨hren, besser zu
verstehen. Um den Einfluss der Grenzfla¨chen auf das Schaltverhalten von SrTiO3
Filmen zu untersuchen, wurden epitaktische Filme aus Eisen dotiertem SrTiO3 mit-
tels Pulsed Laser Deposition auf verschiedenen Unterelektroden (SrRuO3, LaNiO3
und Nb:STO) deponiert.
Unter Verwendung einer speziellen Methode der Rasterkraft Mikroskopie (LC-
AFM) konnte die Leitfa¨higkeit der abgeschiedenen Schichten auf der Nanometer
Skala untersucht werden. Mit dieser Technik konnte ein Widerstandsschalten von
lateralen Strukturen mit einem Durchmesser von kleiner 5nm realisiert werden,
welches das enorme Skalierungspotential dieses Materialsystems zeigt.
Eine anschließende Deposition von Oberelektroden aus Platin oder Titan erlaubt
die elektrische Charakterisierung von Metall-Isolator-Metall (MIM) Strukturen. Eine
umfangreiche Untersuchung von unbehandelten MIM-Zellen mittels Impedanzspek-
troskopie zeigt den gravierenden Einfluss der Metall-Isolator Kontakte auf den Ge-
samtwiderstand des Bauteils. Weiterhin wurde mittels dynamischer Strom-Rampen
eine chemische Polarisation gemessen und als flu¨chtige Widerstandsa¨nderung iden-
tifiziert.
Typischerweise ist ein Formierschritt no¨tig, um die Schalteigenschaften eines
Bauteils zu aktivieren. Die Elektroformierung von MIM-Strukturen wurde sorgfa¨ltig
untersucht und konnte bei Proben mit einem Schottky Kontakt als ein U¨berbru¨cken
der Schottky Raumladungszone identifiziert werden. Experimente bei erho¨hten Tem-
peraturen und unter definierten Atmospha¨ren zeigten zusa¨tzlich, dass wa¨hrend der
Formierung Sauerstoff aus dem System ausgebaut und an die Umgebung abgegeben
wurde. Die Untersuchungen erlaubten es, ein Modell fu¨r die Elektroformierung der
hergestellten Bauteile zu entwickeln.
Zwei unterschiedliche Schaltmechanismen (Grenzfla¨chen Effekt und Material Ef-
fekt) konnten identifiziert werden. Es stellte sich heraus, dass ein reproduzierbares
Wechseln zwischen beiden Mechanismen durch Variation der angelegten Spannungs-
amplitude mo¨glich war. Beide Mechanismen sind separat und umfassend (z.B. mit-
tels Impedanzspektroskopie) charakterisiert worden, was ein Aufstellen von Model-
len fu¨r beide Schaltmechanismen erlaubte. Der Grenzfla¨chen-Schalteffekt wird dem
Sauerstoff bedingten O¨ffnen und Schließen leitender Kana¨le durch An- oder Abrei-
cherung von Sauerstoffleerstellen an der oberen oder unteren Grenzfla¨che zugeordnet
und entspricht damit dem konventionellen Erkla¨rungsansatz. Im Falle des Material-
Schalteffekts wird die Widerstandsa¨nderung durch eine interne Umverteilung von
mobilen Donatoren, die zu einem induzierten p-n U¨bergang fu¨hrt, erkla¨rt. Letzterer
Effekt zeichnet sich durch eine a¨ußerst stabile Schaltcharakteristik und große Wider-
standsverha¨ltnisse aus. Zusammen mit den gemessen Standzeiten von >9 Stunden,
den kurzen Schaltzeiten von <30ns und der Mo¨glichkeit einer Multi-Bit Speicherung
zeigt dieser Mechanismus ein hohes Anwendungspotential in ku¨nftigen Speicherzel-
len.
Abstract
To overcome the physical limits of todays memory technologies new concepts are
needed. The resistive random access memory (RRAM), which bases on a non-
volatile and repeatable change of the resistance by external electrical stimuli, seems
to be one promising candidate. Within the scope of this work, the model system
Strontiumtitanate (SrTiO3) has been investigated to get a deeper understanding of
the underlying physical mechanism related to the resistance change. The electrical
properties of SrTiO3 (STO) can be modulated from a band insulator to metallic
conduction by a self-doping with oxygen vacancies which act as shallow donors. A
local accumulation or depletion of oxygen vacancies at the vicinity of the surface
will lead to a local redox process which is responsible for the resistance change.
To study the influence of the interfaces on the switching properties of SrTiO3 thin
films, epitaxial films of Fe-doped SrTiO3 were grown on different bottom electrodes
(SrRuO3, LaNiO3 und Nb:STO) by a “Pulsed Laser Deposition” technique.
An atomic force microscope equipped with a conductive tip (LC-AFM) allowed
studying the conductivity of the deposited films on the nanometer scale. Resistive
switching of lateral structures smaller than ∼5nm could be realized which represents
the potential of this material for a further downscaling of RRAM devices.
The deposition of topelectrodes, made of Platinum or Titanium, allowed the
electrical characterization of metal-insulator-metal (MIM) structures. An extensive
investigation of pristine MIM-devices by impedance spectroscopy showed the big
impact of the metal-insulator interface on the overall device resistance. Furthermore,
a chemical polarization was studied by dynamical current sweeps and identified as
a volatile resistance variation.
Usually a forming procedure is needed to “enable” the resistive switching prop-
erties in MIM devices. The electroforming of these devices was extensively studied
and could be assigned, for samples exhibiting a Schottky contact, to a local by-
passing of the Schottky depletion layer. Additional, annealing experiments under
defined atmospheric conditions led to the result that the electroforming process can
be identified as a loss of oxygen from the device. The investigations allowed drawing
a detailed model of the electroformation of the prepared devices.
Furthermore, two different switching mechanisms (interface related, bulk related)
were identified and characterized. By variation of the voltage amplitude applied,
a repeatable switching between both mechanisms could be demonstrated. Both
mechanisms have been separately and extensively characterized (e.g. by impedance
spectroscopy), which allowed drawing models for both types of switching effects.
The interface related switching mechanism was attributed to the oxygen related
opening and closing of conducting channels at the upper or lower interface and
follows therewith the conventional explanations. In case of the bulk related switching
effect, the resistance change will be explained by the electrically induced internal
redistribution of mobile donors leading to a p-n doping profile. The main features of
this switching mechanism are its improved switching stability and large resistance
ratios achieved. In case of the bulk related switching mechanism, switching times
of 30ns, retention times longer than 9 hours and the storage of two bits per cell
(multibit capability) could be realized. These results demonstrate the great potential
of SrTiO3 as possible material for a future RRAM cell.
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1 Motivation
In information technology, the trend towards faster, low power consuming and
higher density memory devices demands for new approaches for the mem-
ory design and the physical storage mechanisms. According to Moore’s law,
the doubling of the performance and the efficiency of computer processors
and memory chips every 18 month demonstrates the demand for new beyond
CMOS concepts [1].
One form of data storage is the random access memory (RAM). This class
of devices can be divided into volatile and non-volatile concepts. The most fa-
mous volatile RAM type is the dynamic RAM (DRAM) which stores the binary
information by two different charge levels of a tiny capacitor. A periodically
refresh of the state is needed as a result of the unpreventable discharging of
the capacitor. The refresh rate depends strongly on the dimensions of the ca-
pacitor and increases drastically by downscaling the device. Another approach
is the static RAM (SRAM) cell which consists of flip-flop based latches. Thus
six transistors are needed for a memory cell which directly reveals the main
disadvantage of this technology, namely, the large area needed on chip. Even
though SRAM exhibits data remanence, it is still volatile in the conventional
sense that data is eventually lost when the memory is not powered.
On the other hand, an ideal nonvolatile memory (NVM) will show excellent
potential in terms of a high density, low cost, low energy operation and a high
performance [2]. Over the last years several approaches are striving to meet
these demands and will be introduced briefly.
One of the most prominent NVM is the Si-based Flash memory. Flash
memory stores information in an array of memory cells made of floating-gate
transistors. Unlike to its advantages of a low cost and high density fabrication,
some disadvantages like the low endurance, the low write speed and the high
voltages required for write operation showed up. Additionally, the physical
scaling limit of this technology will be reached in the near future. The Fer-
roelectric RAM (FeRAM) and the magnetoresistive random access memory
(MRAM) store information in terms of the ferroelectric polarization or by a
magnetic field induced spin change, respectively. Both storage concepts exhibit
also technological and inherent problems with the scalability. Another concept
for a nonvolatile storage is the phase change memory (PCM) which bases on a
thermally induced phase change between a crystalline and an amorphous phase
resulting in different optical and electrical properties. The greatest obstacle for
phase-change memory has been the requirement of high programming current
in the active volume leading to a high power consumption of a cell [3].
To overcome the problems of the current NVM concepts a lot of atten-
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tion was put on resistance RAM (RRAM) involving electrochemical effects. A
typical RRAM cell consists of a capacitor-like metal insulator metal (MIM)-
structure in which the resistance of the insulator can be modified by external
electrical stimuli. The resistive switching effect has been already reported by
several groups (e.g. Chopra [4] and Hiatt et al. [5]) in the 1960’s and attempted
to explain by Simmons and Verderber [6]. Over several decades, this effect has
been studied on different material systems mainly without remarkable atten-
tion of the scientific community or the semiconductor industry (e.g. Dearnelay
et al. [7] (1970), Potember et al. [8] (1979), Pagnia et al. [9] (1988)). With
publications of Beck et al. [10], Asamitsu et al. [11] and Kozicki et al. [12] at
the end of the 90’s this changed dramatically and a strong interest for these
effects rose up.
A lot of material classes show reversible switching of the resistance between
two or more stable states [13, 14]. Within the scope of this work, the resistive
switching effect in transition metal oxides has been studied. Therefore, the
focus was put on SrTiO3 which can be regarded as a model system within the
class of perovskite-type ternary oxides. Over several decades SrTiO3 has been
studied for instance in terms of point defect chemistry thus it represents a good
material for a further elucidation of the underlying physical effects related to
the switching mechanisms. In the year 2006, Szot et al. presented a model
for the electroforming and switching effect within SrTiO3 single crystals which
mainly bases on anion migration along extended defects (see section 2.1) [15].
Due to the fact that the resistive switching takes place within extended de-
fects, which are based on dislocations, smallest switching units of 2-4 nanome-
ters could be demonstrated. Their density of ∼1012cm−2 represents the high
potential for a future downscaling of the switching devices. Thus, SrTiO3 be-
comes a promising candidate for a Terabit memory material.
Remaining open questions are the microscopic details of the ion transport,
the defect structure, the electronic charge transport properties of the con-
ductive channels formed and the details of the involved electrochemical redox
reactions.
For the integration of these materials to real devices, it is inevitable to em-
ploy them in thin film form. To investigate the switching effects on thin films
without sacrificing the advantages of an ordered system, like a single crystal,
epitaxial grown SrTiO3 thin films have been studied. The main purpose of this
work was to study the influence of the interfaces on the electrical properties
of metal-insulator-metal devices. Since it is generally expected that interfaces
will dominate in thin film structures, we will investigate in detail their role in
terms of the electroforming and switching phenomena. This includes, for in-
stance, the influence of the surface morphology on the electrical properties on
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the nanometer scale. Detailed investigations of the electroforming procedure
and the resistive switching effect will allow to develop detailed models for both
phenomena.
A large variety of physical phenomena have been considered to explain the
resistive switching phenomenon in oxide materials. Thus, a short introduction
of the most common mechanisms will be given in section 2.1. Furthermore,
the basic properties of the investigated material system (SrTiO3) will be ex-
plained followed by a short introduction to the used experimental methods.
The following section“Material survey”describes different material approaches
investigated in this work.
Chapter 5 reports on the structural properties of the thin films. The elec-
trical properties of these films were investigated by a conductive atomic force
microscopy. They are situated in chapter 6.
The electrical properties of MIM-devices will be presented in the three
following chapters, namely, “Pristine MIM-structures (Unformed)”, “Electro-
forming of MIM-structures” and “Resistive Switching of MIM-structures”. The
first one of them focuses on pristine devices, the second one gives attention to
the electroforming process which is typically needed to “enable” the resistive
switching properties. Afterwards, chapter 9 will focus on the bipolar resistive
switching effects found in MIM-devices. Finally, the last chapter will summa-
rize all results and gives a short outlook on future research activities.
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2 Basics
This chapter starts with some general requirements for RRAM cells before a
short introduction of the most common types of resistive switching mecha-
nisms will be given. Subsequently, the relevant switching mechanism for this
work will be discussed in more detail. The second section will afterwards focus
on the resistive switching material used for the prepared devices. Some basic
characteristics of the ternary oxide strontium titanate (SrTiO3) will be de-
scribed. Since SrTiO3 has been studied in terms of the point defect chemistry
over several decades, those results will be shortly summarized.
2.1 Resistive switching
As a candidate for a future nonvolatile memory technology the RRAM has
to fulfill some general requirements demanded by the “International Technol-
ogy Roadmap For Semiconductors” (ITRS) [2]. These are for instance the
write/erase performance, the retention or endurance of a memory cell, for in-
stance, which will be summarized as follows.
A voltage-time dilemma rises up by regarding the combination of the re-
quirements for the write/erase operation, the read operation and the retention
of the states. Write operations with small voltages (Vwrite) and fast times
(twrite <10ns) are required for a competitive nonvolatile memory concept. The
read voltages (Vread) have to be significantly smaller than the write voltages
to prevent a change of the written state. Additionally, due to constrains of the
circuit design the readout currents should not be less than ≈ 1µA. In contrast
to the fast set and read operations, the states should be kept during a con-
tinuous readout for times tretention > 10 years. A ratio between the write and
read voltages of e.g. 10 has to lead to an acceleration of the switching kinetics
(tretention/twrite) of ≈ 1016. Only a few physical mechanisms show this huge
non-linearity and will therefore overcome this dilemma. For instance, a simple
chemical gradient will not fulfill the above mentioned requirements in contrast
to a thermally assisted ion diffusion or the local creation of new phases [14].
Before explaining the basic principles of the switching phenomena, a sep-
aration between two general operation modes has to be made. A RRAM cell
operating with a single voltage polarity for writing and erasing will be called
unipolar. For this operation mode, the current compliance, typically set to pre-
vent a dielectric breakdown, has to be changed between a writing or an erasing
operation. Since the device is working similar at both polarities, a symmetric
I(V)-characteristic can be obtained. If a device needs both polarities for a
reversible change of the resistance, the switching will be named bipolar. The
schematic I(V)-characteristics of uni- and bipolar resistive switching devices
are depicted in Fig. 1.
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Figure 1: Schematic Current-Voltage characteristics of a uni- and a bipolar resistive
switching device. Unipolar switching (left): The set voltage is always higher than the
voltage at which reset takes place, and the reset current is always higher than the
current compliance during set operation. Bipolar switching (right): The set operation
takes place on one polarity of the voltage or current, and the reset operation requires
the opposite polarity. (adapted from [13])
A detailed overview of most switching phenomena can be found in the re-
view papers of Waser [13, 14] and Sawa [16]. Thus, the three most important
concepts will be shortly introduced in the following paragraphs.
There exist several types of resistive switching concepts which are based
primarily on thermal effects. Beside phase change memories, a thermochem-
ical switching has been found in several transition metal oxides. The most
prominent candidate within this material class is NiO which shows a unipolar
switching switching effect [17, 18]. The switching mechanism is driven by a
filamentary thermal breakdown of the oxide leading to a conductive channel
which sets the sample to the low resistance state (LRS). To switch back to
a high resistance state (HRS), the filament is disrupted thermally by Joule
heating.
The switching effect within electrochemical metalization memory (ECM)
cells is based on cation migration from an electrochemical active electrode
(e.g. silver or copper) through a solid electrolyte towards an inert electrode
(e.g. platinum). The migrated cations form, after discharging at the cathode,
a metallic dendrite towards the anode. If this metallic filament touches the an-
ode, the device is “formed”and set to the LRS. By applying a reversed bias this
conducting metallic filament can be dissolved thus the sample switches to the
HRS state. The principle is based on Faraday’s law which is already known
since 1832. However, the growth and rather the destruction of the metallic
dendrite on the microscopic scale are still under investigation. In terms of
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a memory application the interest was mainly triggered by Kozicki et al. in
1999. They showed the switching of a device with coplanar electrodes using
an arsenic sulfide-silver ternary as the solid electrolyte [19]. It showed up that
a lot of different materials can act as solid electrolyte and may therewith show
resistive switching based on dendrite growth. These materials include for in-
stance GeS [20], Ag2S [21], Cu2S [22] and SiO2 [23]. The successful integration
of this type of switching devices into a 90nm CMOS technology was shown for
a Ag/GeSe/W cell by Qimonda [24, 25].
The third important switching mechanism can be found in most transition
metal oxides. Binary as well as multinary oxides show bipolar resistive switch-
ing using two inert electrodes. One of the first publications on this mechanism
was reported in 1965 for Nb/NbOx thin film structures [5]. Mainly two differ-
ent material classes within the ternary oxides have been in focus of research
since the 1990s. This are on the one hand Titanates and Zirconates, investi-
gated primarily by the IBM group around Bednorz [10, 26] and on the other
hand Manganites which have been studied by Tokura et al. and Kawasaki et
al. [11, 27]. Due to the complex nature of the switching mechanism it is one of
the less understood switching phenomena although it was studied with strong
effort.
Several physical mechanisms are under discussion as explanation for these
switching phenomena ranging from pure electronic effects to ionic effects. In
case of a pure electronic effect several ideas were published. For example a
charge trapping at defects may be possible which modifies the electrostatic
barrier of the MIM structure and leads therewith to a change of the resistance
[6, 28]. Additional trapping states at a Schottky interface were assumed which
also modifies the effective barrier height [29, 30]. In case of strongly correlated
electron systems, a metal insulator transition can be induced by electronic
charge injection which acts as a doping [11, 31, 32, 33] and leads thereby to
a change in the resistance. Around 2005 several groups gained experimental
hints on the key role of oxygen movement and therefore the number of publi-
cations who considered ionic effects strongly increased over the last years. The
origin of the switching phenomena is mainly explained by a valency change in
the cation sublattice so that this switching mechanism will be called valency
change memory (VCM).
Typically a forming procedure has to be applied initially to a system to in-
crease the conductivity and “enable” the switching properties. This “enabling”
can be understood if one regards the results experienced on lateral measure-
ments on MIM-structures. Several groups reported that switching occurs in
the vicinity of the metal-insulator interfaces [34, 35, 36, 37]. By regarding
two equivalent interfaces, the sum of both switching characteristics will cancel
each other out. Therefore an asymmetry will be needed within the system to
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Figure 2: (top left) A schematic illustration of the experimental setup; (top right)
Conductivity map of the surface of a SrTiO3 single crystal as recorded by the conduc-
tive AFM; (bottom left) Bipolar switching curve of a single filament; (bottom right)
Schematic illustration of the electromigration of oxygen in the upper segment of the
network with the transition to metallic (ON state) and non-metallic conductance (OFF
state) at negative and positive tip voltage bias, respectively [15].
achieve a net resistance change. This can be achieved by using two different
electrode materials or induced by an electrical forming procedure.
In the year 2006 Szot et al. presented a model to explain the resistive
switching in SrTiO3 [15]. They annealed the investigated SrTiO3 single crys-
tal under reducing conditions to decrease the resistance. Since the oxygen
vacancies, induced by this reduction, act as shallow donors, a doping induced
metal-insulator transition can be observed. This self-doping with oxygen va-
cancies can also be induced by electrical stress due to the fact that in most
transition metal oxides the mobility of positively charged oxygen vacancies is
much larger than the mobility of the transition metal ion.
In case of an electrical-driven forming process, the oxygen vacancies will be
induced at the anode and start, due to the ion blocking properties of the inter-
faces, to accumulate at the cathode. During this process, the virtual cathode
grows towards the anode until it approaches its vicinity. At this point, tunnel-
ing currents will arise and stop a further reduction. Thus the device is in the
high resistance state after the forming process.
Furthermore, Szot et al. claimed that this self-doping predominately
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Figure 3: Accumulation of oxygen vacancies along lines in the perovskite lattice of
SrTiO3. (left): Schematic cross section of the accumulation; (right): Calculated density
of states (DOS) for SrTiO3 showing the creation of Ti metallic states close to the oxygen
columns with high concentration of oxygen vacancies. Calculated by Dr. G. Bihlmayer,
FZ Juelich [14].
takes place along extended defects which bases on crystal dislocations. It
is well known that these defects act as easy diffusion paths [38] for oxygen
ions/vacancies. In the core of such a dislocation, oxygen vacancies are
preferably situated at the line defects and lead to a local insulator-metal
transition. Ab initio calculations of the electronic structure reveal that the
3d states of Ti ions in vicinity of columns with enhanced oxygen vacancy
concentration are delocalized (e.g. Fig. 3) [39].
This localized enhancement of the conductivity was proved by an atomic
force microscopy technique. The use of a conductive AFM-tip allows to mea-
sure the conductance on the nanometer scale. The reduced SrTiO3 single
crystal exhibits a network of conducting dislocations resulting in a laterally
confined conduction (e.g. LC-AFM image in Fig. 2). By placing the con-
ducting AFM tip on such conducting spot, a local I(V)-characteristic can be
recorded leading to a bipolar switching curve as shown on the lower left side in
Fig. 2. A local accumulation or depletion of oxygen vacancies at the vicinity
of the surface will lead to the local redox process which is responsible for the
resistance change.
The long term stability of the resistive states in combination with the fast
switching times indicates the occurrence of a local new phase (see voltage-time
dilemma on page 14). Szot et al. presented for BaTiO3 single crystals that the
creation of a Ruddlesden-Popper phase (e.g. SrO·(SrTiO3)n) can be induced
by electrical stress. But also every type of Magnelli phases (TinO2n−1) seems
to be a promising candidate for this local new phase. However, the exact
2 Basics 19
crystallographic nature of the conducting channels (filaments) is still under
investigation and no direct proof of the formation of a new phase has been
reported so far.
There are still a lot of open questions about the microscopic details of the
ion transport, the defect structure or the electronic charge transport proper-
ties of the formed conductive channels. Further details of the electrochemical
redox reactions involved are also needed to complete the picture of the resistive
switching mechanism.
2.2 Model system: SrTiO3
The notation perovskite originates from the mineral CaTiO3 and represents to-
day a class of ternary oxides which crystallizes in an ABO3 structure. Within
this class Strontiumtitanate (SrTiO3) was studied, due to its simple cubic
crystal structure above 105K, as a model system for the electrical properties of
perovskite materials. Due to its interesting properties associated with a high
dielectric constant (r(300K) = 300), SrTiO3 is one of the best candidates to
sustain a role as a functional dielectric (high-k, ferroelectric, superconduct-
ing...) element in the field of oxide electronics. Furthermore it plays an impor-
tant role as a prototyping material for further elucidation of the microscopic
resistive switching mechanism in ternary oxides [15].
2.2.1 Crystal structure
At room temperature SrTiO3 is in an ideal
Figure 4: Unit cell of SrTiO3
above 105K
cubic Pm3m perovskite structure with Ti4+
ions at the cube center, Sr2+ ions at the cube
corners and O2− anions at the face centers.
Figure 4 shows this cubic perovskite structure.
The lattice constant of this structure has been
determined at room temperature to 3.905A˚ [40].
Below 105K an anti-ferrodisplacive structural
phase transition to a tetragonal structure takes
place [41]. Doping of SrTiO3 with iron will
lead, due to the ionic radii of the involved
species (SrTiO3: Sr
2+:1.12A˚, Ti4+:0.68A˚,
O2−:1.26A˚ and Fe-ion: Fe2+:0.75A˚, Fe3+:0.69A˚,
Fe4+:0.725A˚ [42, 43, 44]), to a substitution at
the Ti site. The (001) face of a perovskite ABO3
crystal is the most stable surface, although it cannot be prepared by cleavage.
In complex oxide structures, it is generally not sufficient to know the surface
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orientation, because there exist several inequivalent surface terminations.
In case of SrTiO3 alternating layers of SrO and TiO2 stoichiometries along
the (001) direction can be found. Each of the layers can be assumed to be
electrically neutral [41].
2.2.2 Band diagram
In the stoichiometric state, SrTiO3 (STO) is a band insulator with a band
gap of 3.3eV and an electron affinity of χ=4.1eV [45]. The upper valence
band consists of O 2p atomic orbitals with a small admixture of orbitals of
Ti atoms, whereas the conduction band bottom consists essentially of Ti or-
bitals [46]. The density of states for the valence and conduction band, re-
spectively, has been determined by Moss et al. via electrical measurements to
Nc(T ) = 4.1 · 1016cm−3(T/K)3/2 and Nv(T ) = 2.5 · 1016cm−3(T/K)3/2.
Substitution of ions on the A or B-site leads to a tunability of the elec-
trical properties over a wide range and can be regarded in analogy to usual
semiconductors. The doping of SrTiO3 with Fe, which is incorporated at the
Ti site, acts as an acceptor doping. The Ti4+ will be substituted by a Fe4+,
and can be regarded as a neutral acceptor, or a Fe3+ ion. The valence 2+ only
occurs at very high temperatures or extremely reducing conditions since the
corresponding energy level can be found far above the valence band. Waser et
al. [47] determined by an optoelectrochemical method the energy level for the
3+ valence:
E3+Fe = 0.94eV + 3.5 · 10−4eV/K · T (2.1)
Donor doping can be achieved by substitution of Sr2+ by a trivalent ion or
Ti4+ by a pentavalent ion for example La3+Sr [48] or Nb
5+
T i [49], respectively. Due
to their low ionization energies they are easily ionized even at room tempera-
ture. An electron doping can also be realized by introducing oxygen vacancies
(SrTiO3−δ). Morin et al. could determine the energy level of double ionized
oxygen vacancies to 0.085eV below the conduction band [50]. Due to the fact
that donors and especially oxygen vacancies are easily ionized even at low
temperatures, an ionic contribution to the total current can be expected. It
has been observed that electron doping can transform insulating STO into a
metallic state even with small doping levels [51].
2.2.3 Point defect chemistry
The concept of point defect chemistry describes the correlation between the
stoichiometry, the equilibrium concentration of defects and charge carriers as
well as their variation with respect to changes of thermal, chemical or electrical
parameters by means of solid state thermodynamics. Here special attention
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will be given to the interplay between the electrical conductivity and the oxy-
gen partial pressure.
SrT iO3 

δ
2
O2 + SrT iO3−δ (2.2)
The perovskite structure is up to a certain limit not affected by the removal
of oxygen. The loss of the double negatively charged oxygen ions is compen-
sated by a change of the valence of the Ti (Ti4+ → Ti3+). The additional
electron of the Ti can now contribute to the electronic conduction so that the
resistance of the material can be adjusted by oxygen vacancies.
The point defect chemistry of STO has been well studied over several
decades (see references in [52]). Only a short overview will be given here with
focus on the above mentioned interplay of the conductivity and the oxygen par-
tial pressure. From thermodynamic considerations, it follows that at nonzero
temperatures every material must contain a finite concentration of point de-
fects. Intrinsic point defects are electrons and holes, interstitials (Frenkel disor-
der), which can be neglected here, and vacancies in all three sublattices (Sr,Ti
and O) (Schottky disorder). Doping elements are extrinsic point defects.
In the high temperature regime (T>1400K) all constituents of the lattice
are mobile. A Schottky disorder in the cation sublattice acts, due to the
negative charged cation vacancy, as acceptors-type centers. These possible
nonstoichiometric Sr/Ti ratios are frozen in at lower temperatures and can be
regarded as immobile in the temperature range investigated in this work.
At lower temperatures (T>700K) the oxygen vacancies, which act as shal-
low donors, are still mobile and interact with the surrounding atmosphere. The
system responds to the oxygen partial pressure in the way:
OO 
 VO¨ + 2e′ +
1
2
O2 (2.3)
with VO¨:oxygen vacancy, OO:oxygen ion, e
′:electron charge
It is well known that nominally undoped SrTiO3 exhibits always an un-
avoidable small acceptor doping. This background doping may result from
metal vacancies, acting as native dopants, or from unknown foreign doping
atoms induced during the preparation process. The influence of an acceptor
doping will be discussed using the example of Fe-doped SrTiO3. The possible
valency change of iron adds an additional redox reaction (Fe3+/4+) to the set
of defect-chemical reactions.
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FexT i 
 Fe
′
T i + h
. (2.4)
The charge neutrality in case of acceptor doping is given by:(
2 [VO¨]−
[
Fe
′
A
])
≡ 0 (2.5)
As a result, in case of Fe-doping the charge compensation for the Fe3+ ions
occurs only to a small extent by holes h. in the valence band, but predomi-
nately by the formation of oxygen vacancies VO¨.
In the low temperature regime (typically < 700K) only electronic effects
are active and the oxygen concentration can be assumed as constant. Thus
the electronic equilibrium is given by
nil
 e′ + h. (2.6)
However, at low temperatures, a significant ionic component within the
conductivity arises so that the total conductivity must be described by
σ = e0
(
nµn + pµp + 2 [VO¨]µVO¨
)
(2.7)
By the use of the point defect model, the concentration of charge carriers
and defects can be calculated as a function of the oxygen partial pressure for
a fixed temperature. This so called Kroeger-Vink diagram can be seen in Fig.
5 for two different temperatures. The red curves display the defect concen-
trations in slightly acceptor doped SrTiO3 for a temperature between 700K
and 1400K. For the low temperature equilibrium (quenching to T<700K), the
concentrations are depicted in blue. For both temperatures the concentration
of oxygen vacancies is, in the shown pO2 range, independent of the oxygen
partial pressure and can be regarded as frozen in to two times the acceptor
concentration (see equation (2.5)).
The curves of holes p and electrons n can be divided in three major regimes.
It is obvious that a minimum shows up in the sum of both electronic charge
carriers at a certain oxygen partial pressure. This minimum will be called
intrinsic regime and corresponds to the stoichiometric composition of the ma-
terial. Towards lower oxygen pressures, the systems reacts with the loss of
oxygen to the atmosphere resulting in an increased n-type conductivity (n-
type regime). The characteristic slope of -1/4 in the Kroeger-Vink diagram
can be approximated from the law of mass action for the reduction reaction
(equation (2.3)) which is given by Kred = [VO¨] ·n2 ·p1/2O2 . Moving towards higher
oxygen pressures the intrinsically present oxygen vacancies can be filled. As a
result the concentration of holes increases and becomes the dominant charge
carrier (p-type regime). The slope of +1/4 results here from the law of mass
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Figure 5: An idealized Kroeger-Vink diagram of an acceptor-doped SrTiO3. The con-
centrations of the (singly-ionized) acceptor [A′], the oxygen vacancies VO¨ , the electrons
n, and the holes p, are shown as a function of the oxygen partial pressure pO2 . The
concentrations of the electronic defects change drastically from the high-temperature
(1400K>T>700K, HT) annealing conditions to the low-temperature (T<700K, LT)
situation at which the oxygen content is frozen-in. Adapted from [14]
action for the oxidation reaction (equation (2.3)) Kox = [VO¨]
−1 · p2 · p−1/2O2 .
The difference between the high and the low temperature regime results
from the different activation energies of the shallow donor (e.g. oxygen vacan-
cies), which is typically <0.1eV below the conduction band, and the acceptor
levels which are between 0.5eV and 1.5eV above the valence band. As a result,
holes are trapped during quenching from high temperatures to low temper-
atures in the high oxygen partial pressure regime which results in a highly
insulating material.
2.2.4 Influence of doping
In the literature many groups which are working on resistive switching used
for their investigations doped systems like Cr-doped SrTiO3 [53, 34, 54, 55,
26], Cr-doped SrZrO3 [10, 56, 57, 58, 59], V-doped SrZrO3 [60] or Mn-doped
(Ba,Sr)TiO3 [61, 62]. In some cases the doping atom acts as a local probe for
diverse spectroscopical techniques like XANES or µXAF. The majority of the
publication justifies the doping simply by the improvement of the switching
properties concerning yield, stability and endurance. The physical mechanism
behind these phenomena is still unclear.
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Keeping in mind that a possible non-stoichiometry within the Sr/Ti ratio or
a certain amount of impurities leads always to a undefined background accep-
tor doping of STO (see section 2.2.3) making a deliberate doping advantageous.
The improved switching properties as well as this unavoidable background dop-
ing of STO lead to the decision to investigate the electroforming and switching
properties on doped STO samples.
This work will focus on Fe-doped STO justified by the fact that this mate-
rial has been well studied over several decades. This was mainly triggered by
its important role in solid-state electrochemical devices like oxygen gas sensors,
solid oxide fuel cell electrodes or electrochromic windows.
Iron doping, which is well known as an acceptor type dopant, was chosen
for one reason to define the amount of oxygen vacancies within the sample (see
section 2.2.3, equation 2.5). Most resistive switching models pointed out the
importance of the oxygen ion/vacancies. Thus it seems to be advantageous to
start with a deliberately doped system. As known from point defect chemistry,
the oxygen vacancy concentration is not influenced by the oxygen partial pres-
sure over a wide range. However, the deposition process used within this work,
which will be described in chapter 5.1, led to highly oxygen deficient thin films.
Figure 6: (left) Conductivity isotherms at different temperatures (in deg Celsius) as a
function of oxygen partial pressure; (right) Schematic band diagram of 1at% Fe-doped
STO. As already introduced in section 2.2.2, the energetic levels of Fe3+ and VO¨ are
displayed within the bandgap. The Fermi energy decreases with increasing oxygen
pressures (from left to right) according to Eq. (2.8). Adapted from [63, 64]
These reduced films will exhibit significant n-type conductivity which can
be understood in terms of point defect chemistry and the accompanying oxygen
related shift of the Fermi energy (see Fig. 6). The dependence of the Fermi
level on the oxygen partial pressure and temperature can be written as
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EF (T, pO2) =
E0g − αT
2
− kT
4
ln
(
pO2
p0O2
)
(2.8)
with α = 5.7 · 10−4eV/K [65].
However, to explain the conductivity of the investigated films in terms of
point defect chemistry is not sufficient for lower temperatures. For instance,
the experimentally determined enhancement of the conductivity by the accep-
tor concentration is not consistent with a simple point defect model [66].
Additionally, if the amount of point defects exceeds a critical value (e.g.
for TiO2−x x≥10−4 [67]) the formation of extended defects sets in. In case of
SrTiO3, HRTEM measurements showed the ordering of oxygen vacancies along
lines [39] leading to a local change in the density of states (compare section
2.1). According to these results, the devices investigated within this work can
hardly be described by the point defect model.
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3 Experimental methods
This part of the work is devoted to the experimental techniques and will start
with the deposition technique used to prepare the thin film samples, followed
by sections attended to miscellaneous structural and electrical characterization
techniques applied.
3.1 Pulsed Laser Deposition (PLD)
The pulsed laser deposition (PLD) technique is a popular method for the de-
position of multicomponent materials, since it generally enables one to transfer
the stoichiometry from a given ceramic or single crystalline target to the de-
posited thin film. The concept of a PLD deposition is basically simple and
shown in Fig. 7. A short and energetic pulsed laser beam from an excimer
laser is focused on the target. The pulse energy, which is typically between 2 -
5 J/cm2, leads during the absorption on the target to an immediate formation
of a plasma containing energetic neutral atoms, ions and molecules. Depend-
ing on the background pressure in the chamber, this plasma plume reaches the
substrate surface with energies between 0.1eV to larger than 10eV. As a result
of the short, high energetic laser pulses, the evaporated material is not in the
thermodynamic equilibrium and the relative amount of different compounds
in the plume should, in principle, correspond to the target composition even
for strongly-differing melting points.
Figure 7: Setup of a pulsed laser deposition system (left); time evolution of the plasma
plume (right) adapted from [68]
On the right side of Fig. 7 the chronological evolution of the plume is
shown. A more detailed description can be found in the textbook “Pulsed
Laser Deposition” written by Chrisey and Huber [69]. For the deposition of
oxides usually deposition pressures between 10−4mbar to 1mbar are common.
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In this work a KrF excimer laser with a wavelength of 248nm was used which
provides good photon absorption of the UV-light by the oxide targets. The
laser energy density on the target is a crucial point for the deposition of stoi-
chiometric thin films. Therefore, it has to be controlled and adjusted prior to
each deposition.
3.2 Atomic Force Microscopy (AFM)
In atomic force microscopy (AFM) the mechanical interaction between a sharp
probe and a sample is used for surface imaging. This probe, which represents a
cantilever with a sharp tip at one end, is brought in interaction with the sample
surface. The interaction level between the tip and the sample is determined
through precise measurement of the cantilever displacement. Typically the
displacement is measured by an optical lever. Therefore a laser beam which is
reflected on the backside of the cantilever is detected on a segmented photodi-
ode. The displacement of the laser spot on the diode offers information about
the bending of the cantilever and therewith about the sample surface height.
In an AFM, the tip of the cantilever is moved by piezoelectric actuators to
scan the sample surface. By recording the displacement of the laser spot on
the diode as well as the tip position on the sample a 3d image of the surface
can be calculated.
Figure 8: left: Sketch demonstrating main components of an atomic force microscope.
The cantilever deflection responding to tip-sample forces is measured with the optical
lever scheme; right: Resonance curves of the tip without and with interaction with a van
der Waals potential. The interaction leads to a shift ∆ω of the resonance frequency with
the consequence that the tip excited with the frequency ωm has a vibration amplitude
a(ω) attenuated by ∆a [70].
There are mainly three different operation modes of an AFM. In the con-
tact mode the tip has to be in contact with the sample surface. The tip is
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“scratched” over the scanned surface and the laser displacement is detected.
Modern microscopes typically keep the displacement of the laser spot constant
by a feedback loop to achieve a constant force of the tip on the sample surface.
Due to the large tip-sample interactions, this method may modify the surface
and thus cannot reliably achieve atomic resolution. Nevertheless by using a
cantilever with a conductive coating (e.g. Pt/Ir) it is possible to apply a bias
between the sample and the tip to measure the local conductivity (LC-AFM).
The other two operating modes work with a slightly different principle. For
both, the cantilevers are excited by a piezo actuator to a vibration frequency
next to its resonance. In case of the tapping mode it is slightly lower and
in the non-contact mode it is slightly higher. By approaching the vibrating
tip to the sample surface, the interaction between both will lead to a shift in
the cantilever frequency to lower values. If the excitation frequency of the tip
is kept constant, the amplitude of the vibrations is increased (tapping mode)
by this interaction. This results from the induced frequency shift towards the
resonance. This results in a contact of the tip with the sample surface. The
shift of the cantilever frequency and its amplitude are detected by a lock-in
technique. A feedback electronic is used to control the vibration amplitude
or the frequency shift of the cantilever, both can be used to determine the
surface morphology. If the AFM is operating in the non-contact mode, the
interaction between tip and sample results, for a fixed excitation frequency, in
a decreased oscillation amplitude so that no mechanical contact between both
occur. The topography detection follows the same principle like in the tapping
mode. In case of a non-contact measurement, the surface of the sample has
to be prepared under ultra high vacuum (UHV) conditions to observe a true
atomic resolution. Under ambient conditions it cannot be avoided that adsor-
bates stick on the sample surface so that only a contact or tapping mode AFM
measurement can be performed.
3.3 X-Ray Diffraction (XRD)
X-ray diffraction was performed to investigate the structural properties of the
thin films. It offers, for instance, informations about the lattice parameter,
crystal structure, orientation or crystallinity. Here a Philips PW 3020 diffrac-
tometer with a Cu Kα x-ray tube and Bragg-Brentano geometry (see Fig. 9)
was used to confirm the epitaxial growth of the films . X-ray diffraction (XRD)
on thin film samples offers a diffraction pattern spectrum whose peaks can be
assigned to the lattice planes of the structure by Bragg’s law.
2dhklsin (θ) = nλ (3.1)
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with 2dhkl: distance of two neighbored lattice planes; with the Miller indices
(hkl); θ: diffraction angle; λ: wavelength; n: order of diffraction
The lattice constants a, b and c can be calculated from the peak position
by
2dhkl =
1√
h2
a2
+ k
2
b2
+ l
2
c2
(3.2)
The relative intensity and width allows to draw conclusions about the crys-
tallinity and the orientation of a crystal. For epitaxial films the measured
spectra are comparable to those resulting from a single crystal with the same
orientation. Rocking curves can be measured which supply information about
the intensity of a reflex depending on the tilting angle ω. The smaller the
FWHM (full width at half maximum) of this peak-like intensity characteristic
the better the texture or epitaxy.
Furthermore, diffraction with a small in-
Figure 9: Schematic of the used
Bragg-Brentano geometry
cident angle was performed, so that the x-
rays are reflected by the different electron
densities of the two adjacent layers. The pe-
riod of the oscillations resulting from a 2θω-
scan can be used to calculate the film thick-
ness by Bragg’s law to λ/2∆θ. Film thick-
nesses smaller than 100nm were confirmed by
this x-ray reflectivity (XRR) technique.
3.4 Electrical characterization
Mainly three different techniques were used for the electrical characterization
of the MIM-devices. In the following paragraphs they will be briefly intro-
duced.
3.4.1 Quasistatic I(V)-characteristic
Most of the switching curves were measured with a commercially available
Keithley 4210 source meter in connection with a probe tip setup. Typically
the voltage was sweeped stepwise in the way from 0V→ Vmax → Vmin → 0V.
In Fig. 10 a schematic process of a quasistatic measurement is shown. The
source meter sets a voltage and waits a defined time (delay time) to reach a
steady state until the current is recorded. The step size as well as the delay
time could be varied. A current compliance was set to prevent damage of the
devices.
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Figure 10: Schemes of the electrical measurement procedures: quasistatic voltage
sweep (left); dynamic current sweep (right)
3.4.2 Dynamic V(I)-characteristic
Since electrochemical processes are generally charge-driven, it might advanta-
geous to perform measurements in the current driven mode. By controlling
the current, the charge injected into the device can be simply calculated by
the integration of the current over time (Q =
∫
Idt). Usually a real triangular
shaped current signal was applied to MIM structures under investigation (see
Fig. 10). Therefore a triangular voltage signal, supplied by a frequency gener-
ator (Agilent 33220A), was converted by the use of a V(I)-converter, which was
constructed within this work, to a triangular shaped current signal. A detailed
circuit scheme is situated in the appendix A. The current flow through the
sample was calculated by the voltage drop over an internal reference resistor
and recorded via analog-digital converter (AdWin Gold) on a PC. Typically a
voltage compliance was set to +/-10V to prevent a dielectric breakdown due
to the high fields.
3.4.3 Impedance spectroscopy
Impedance Spectroscopy (IS) is a powerful tool to characterize intrinsic elec-
trical properties of any material and its interface [71]. The basis of IS is the
analysis of the impedance (resistance of alternating current) of the observed
system in subject to the applied frequency and exciting signal. The complex
impedance Z∗ is the total opposition that the circuit or device offers to the
flow of alternating current at a given frequency. It consists of a real and an
imaginary part which can be expressed in rectangular form as resistance and
reactance or in polar form as magnitude and phase (see Fig. 11).
The impedance given in rectangular form
Z∗ = R + iX (3.3)
|Z| =
√
R2 +X2 (3.4)
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polar form of the impedance
Z∗ = |Z| · eiθ (3.5)
θ = arctan
( |X|
R
)
(3.6)
with Z∗: complex impedance [Ω]; R: resistance [Ω]; X: reactance [Ω]; |Z|:
magnitude of impedance [Ω]; θ: phase of impedance [deg].
Figure 11: Sketch of the complex impedance plane
In this case, the measurement of the impedance was performed by apply-
ing a small sine voltage signal1 to the sample. The applied signal and the
measured response signal are compared by lock-in technique to determine the
magnitude and the phase of the complex impedance. All measurements were
performed in the frequency range 1 mHz - 3 MHz using a Solatron impedance
analyzer (Si1260) in combination with a Solatron preamplifier (Dielectric In-
terface 1296). The excitation amplitude was chosen to 50 mVRMS. To study,
for instance, the depletion layer properties, a DC-bias could also be applied to
sample. In that case, a delay time of 10 minutes was always chosen to enable
the system to reach a steady state before the IS was performed. The measured
data were fitted by the program ZView. The inductance of the leads, measured
to 4µH, and the series resistance resulting from the bottom electrode, typically
< 100Ω, was always included in the equivalent circuit.
3.4.4 Setup for the electrical characterization under different at-
mospheric conditions
Within the scope of this work a setup was planned and constructed to study the
electrical properties of memory devices under different atmospheric conditions
(see pictures in Fig. 12). Due to the important role of oxygen ions/vacancies
for the resistive switching mechanism, the oxygen partial pressure dependence
of the electrical properties should be investigated. Since most of the devices
1For a small signal the system responds linearly to the excitations.
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prepared in the early stage of this work showed some stability problems of
the switching curves, which were attributed to a reoxidation of the devices,
measurements under vacuum conditions should also stabilize the switching
properties.
Dynamic current sweeps on pristine devices (using the previously described
equipments) as well as quasistatic voltage sweeps on formed devices using a
Keithley 6430 Sub-Femtoamp Source Meter (measurement sequence 0V →
Vmax → Vmin → 0V ) could be investigated within this setup.
The technical features include:
• Minimum pressure: ∼ 10−8mbar
• Temperature range: RT to 400◦C
• Three probe geometry: two immobile Pt probes and one mobile Pt probe
(controlled by a manipulator)
• Quadrupole Mass spectrometer
Figure 12: Setup to study the electrical properties of memory devices under different
atmospheric conditions
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4 Material survey
The first of the three parts of this chapter will give an overview of the materials
and structures investigated within this work.
4.1 Overview
The electroforming and resistive switching properties of ternary oxide single
crystals have been well studied over several years. To transfer the knowledge
gained on single crystals to thin film structures, which are more relevant for
memory applications, the scope of this work focused on the properties of thin
metal-insulator-metal (MIM) structures. These MIM devices were built up by
stacked layers of different materials which act as bottom electrode, active layer
and top electrode (see sketch in Fig. 13).
Figure 13: Sketch of the investigated metal-insulator-metal devices
To study the electroforming and switching properties in thin film samples
without loosing the advantage of a well ordered structure, like a single crystal,
epitaxially grown thin films were investigated. The growth of the epitaxial thin
films was realized by a pulsed laser deposition (PLD) technique (see section
3.1).
For a successful epitaxy of the active layer, suitable materials concerning the
lattice mismatch have to be used as substrate and bottom electrode. SrTiO3
single crystals provide a good lattice match to most materials with perovskite
structure. Therefore, commercially available undoped or Nb-doped STO single
crystals ((001) orientation) with an area of 1 x 1 cm2 and a thickness of about
1 mm are used as substrate materials. The 1 at% Nb-doped SrTiO3 (Nb:STO)
single crystals serve both as a substrate as well as the bottom electrode for the
MIM-structures.
Beside Nb:STO, two more metallic oxides namely SrRuO3 (SRO) and
LaNiO3 (LNO) were chosen as bottom electrode material. The attention
on the fabrication of LNO and SRO films results from their potential for
many technological applications. These materials have already been employed
as electrodes for ferroelectric thin films as well as normal-metal layers in
superconductor/normal-metal/superconductor Josephson junctions. Both
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SrRuO3 and LaNiO3 are perovskite-type, conductive metallic oxides with
pseudo cubic lattice parameters of 3.93A˚ and 3.83A˚ and room-temperature
resistivities of around 300µΩcm and 600µΩcm, respectively [72]. Depending
on the oxidation state the workfunction of SRO varies between 4.6eV and
5.0eV [73]. The electrical properties of LNO will be described in section
4.2 in detail simply because the deposition conditions were optimized as the
characterization of LNO devices shows some abnormalities which have be
discussed in extenso.
Among the ternary transition metal oxides, SrTiO3 plays an important
role as a prototype material for further elucidation of the microscopic resistive
switching mechanism [15]. Therefore undoped as well as Fe-doped SrTiO3 thin
films were chosen as active layer of the investigated MIM-devices. According
to the improved stability, the focus of this work was on Fe-doped devices which
will be compared in specific questions to undoped reference samples.
Unlike to the bottom electrode and the active layer, the top electrode has
not to grow epitaxially so that as electrode materials two elemental metals were
chosen instead of a complex metallic oxide. A low workfunction metal, Ti (φm:
4.1eV) was used on the one hand and on the other hand the high workfunc-
tion metal Pt(φm: 5.65eV) [74]. The comparison will be discussed in chapter 7.
4.2 LaNiO3
LaNiO3 (LNO) is a metallic oxide and due to its transport properties and
perovskite crystal structure a good candidate for the use as electrode mate-
rial in epitaxial oxide heterostructures. The pseudocubic lattice constant of
LNO, 0.383nm, is very close to that of the common single crystals used to
grow these heterostructures (for instance, cubic STO 0.3905nm). Another im-
portant property for the use of LNO as electrode material is the electrical
conductivity which strongly depends on the ratio of Ni atoms that are in the
high-valence Ni3+ state. Since this valence is thermodynamically unstable, a
high oxygen pressure is needed to form a uniform Ni3+ valence [75].
Within this section, the growth and later characterization of LNO as bot-
tom electrode material for a resistive switching MIM structures will be de-
scribed in detail. It is mainly divided into a deposition part where the PLD
parameters for epitaxial growth were optimized and a characterization part
which belongs to the resistive switching properties of the prepared cells.
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Optimization of deposition conditions:
For this study epitaxial LaNiO3 (LNO) thin films were deposited by pulsed
laser deposition using a ceramic LaNiO3 target. The investigated epitaxial
LaNiO3 thin films were grown on a (001)-oriented undoped STO substrates.
For all samples a laser repetition rate of 10Hz and a deposition time of 15min
were used.
For the growth of LaNiO3 the laser energy density, the substrate tempera-
ture and the oxygen partial pressure during deposition were varied in order to
optimize the growth quality. These parameters were scanned during miscella-
neous deposition processes. The resulting films were checked concerning their
crystal quality, surface morphology and resistivity.
Figure 14: XRD spectra of LNO/STO for different oxygen partial pressures during the
deposition (dashed line indicated the peak position of bulk LaNiO3). The small boxes
contain the FWHM of the rocking curves measured on the STO substrate peak and the
LNO film peak. inset: tapping mode AFM images of the epitaxial grown LaNiO3 thin
film
The procedure will be explained in detail by the example of the oxygen
partial pressure scan. In Fig. 14 the result of three different depositions using
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different oxygen partial pressures can be seen in terms of 2θω XRD scans and
AFM images.
Within the XRD spectra the Kα1 and Kα2 reflection of the (002)-STO sub-
strate peak can be identified at 2Θ ≈ 46.5deg. The LNO film (002)-peak is,
due to the smaller lattice constant, expected at larger angles. The dashed
vertical line represents the peak position of bulk LaNiO3. A clear shift of the
LNO peak towards larger angles for depositions with increasing oxygen pres-
sure can be seen. If we compare the FWHM of the rocking curves of the LNO
film peaks an improvement of the crystal quality (a decreasing FWHM) with
increasing oxygen deposition pressure can be observed. It has to be mentioned
that also the films at 0.1mbar and 0.25mbar exhibit with FWHM values below
0.1deg a sufficient good quality. However, the (002)-peak position as well as
the small FWHM of the rocking curve indicate that the deposition at 0.5mbar
led to the best crystallographic properties.
To study the impact of the deposition pressure on the film morphology tap-
ping mode AFM images were taken on the three samples and can be seen in
the inset of Fig. 14. On the 1µm by 1µm images the hilly and rough surfaces
of the three films become obvious. The increasing deposition pressure comes
along with a roughening of the surface which can be directly extracted from
the increasing RMS values which originates from a decreased surface mobility
of the adatoms.
Next to crystal structure and surface morphology the electrical conductiv-
ity is an important criterion for a bottom electrode material. Therefore the
resistance was measured by a simple two point measurement. Even though the
exact values might deviate from the measured ones as a result of the contact re-
sistance, it is sufficient to determine the influence of the oxygen pressure. Using
higher deposition pressures, which corresponds to a stronger oxygen incorpora-
tion within the film, the conductivity increased. This behavior fits pretty well
to the expected influence of the Ni valence to the conductivity described before.
Concerning the optimum oxygen partial pressure, it showed up by regard-
ing all results that 0.5mbar seems to be the best pressure setting for the LNO
growth. The same optimization procedure was performed for the deposition
temperature and the laser energy density as well. As a result of these investi-
gations, we choose the following deposition conditions:
Substrate temperature: 700◦C
Laser energy density: 2.13J/cm2
Oxygen partial pressure: 0.5mbar
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Electrical characterization:
To investigate the influence of the LaNiO3 bottom electrode on the resistive
switching properties of STO(Fe), capacitor-like MIM-structures were prepared.
A 30nm thin LNO film was grown epitaxially on a STO substrate using the
optimized deposition conditions. The thickness of the subsequently deposited
epitaxial STO(Fe) switching layer was 45nm. AFM scans showed a RMS rough-
ness of 0.14nm of the STO(Fe) surface. To complete the MIM-structure, Pt
top electrodes were deposited and patterned by sputtering through a shadow
mask to electrode diameters of 100µm. The electrical characterization of this
switching cell was performed in a current-driven mode2. The LaNiO3 electrode
was always set to ground.
The V(I)-curves of a Pt/STO(Fe)/LNO device are shown in Fig. 15. The
left graph shows the first current sweep of a representative sample. The initial
resistance is very low (< kΩ) and exhibits a linear current-voltage dependence
up to large currents. If the applied power overcomes a threshold current during
the first increasing sweep, in this case +7mA, the measured voltage increases
disproportionately and the V(I)-characteristic changed to a nonlinear behavior.
Temperature dependent measurements on the linear regime indicated metallic
conduction. The origin will be explained later.
Figure 15: V(I)-characteristic of a Pt/STO(Fe)/LNO device; (left) forming sweep of
a pristine device; (right) stable bipolar switching curve of a formed device
As soon as the device reaches this nonlinear regime, a stable bipolar switch-
ing curve can be measured, as shown in the right graph of Fig. 15. Thus the
first current sweep can be regarded as a forming step. However in contrast to
other MIM devices, the resistance in this case increases by the forming pro-
cedure. Subsequent to the forming sweep, the resistance of the device can be
decreased by applying a negative polarity (current flow from the LNO to Pt)
2Voltage driven measurements lead to comparable results.
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to the cell. The opposite effect occurs on the positive polarity, the resistance
increases. The ratio between the HRS and the LRS is here fairly a factor of 2.
LC-AFM:
To characterize the electrical properties on the nanometer scale, LC-AFM in-
vestigations were performed. For this study, a 30nm thin LaNiO3 film was
deposited on an undoped STO substrate. A bias of -1.5V was applied between
the conductive tip of the AFM and the LNO film to record the local conduc-
tivity. The measurement equipment and exact measurement procedure will be
described in chapter 6 in detail.
The 1µm scan can be seen in terms of a topography and current image
in the upper part of Fig. 16. The island structure of the film surface can be
nicely seen and the corresponding current image shows a strong inhomogene-
ity in the conductivity. Although the conductivity is inhomogeneous on the
nm-scale, the conductivity can be regarded as homogeneous on the 10-100µm
scale since the conducting spots have a high density.
Placing the AFM tip on one of this conductive spots allows to measure
the local I(V)-characteristic by sweeping the applied voltage. The measured
curve, displayed in the upper right part of Fig. 16, shows rectifying properties
and a hysteric opening on the negative branch. On both polarities some spikes
within the current are noticeable indicating an electrically induced change of
the material. However, LNO does not show an ohmic characteristic which was
expected. This strange behavior of the conductivity on the nanometer scale
might result from a non-homogeneous distribution of the different Ni valencies
and is a well known problem for LNO thin films [75]. Nevertheless, a reference
sample, with two sputtered Pt electrodes on a LNO thin film, showed an ideal
ohmic behavior.
Afterwards a 45nm STO(Fe) film was grown on the sample characterized
before and the AFM investigation was repeated (lower part of Fig. 16). The
STO(Fe) surface shows an island structure comparable to the LNO surface.
The current image shows the direct correlation between the island structure
and the conductivity distribution. Some islands seem to be completely insulat-
ing whereas the majority of the islands exhibit good conductivity. However, a
local I(V)-curve was recorded by sweeping the voltage after placing the AFM
tip on one of the well conducting islands. As to see in Fig. 16, a nice bipolar
switching curve could be measured. The properties of the local I(V)-curves
taken on STO surfaces will be explained in detail later on in chapter 6.
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Figure 16: LC-AFM images taken on the LNO surface (upper part) and on a STO(Fe)
surface deposited on a LNO bottom electrode (lower part). For both surfaces the
topography and the corresponding current is shown. On the right side a local I(V)-
curves of both surfaces can be seen.
Time-of-Flight Secondary-Ion-Mass Spectroscopy (ToF-SIMS):
To determine the origin of the metallic conductance within pristine samples, we
performed Time-of-Flight Secondary-Ion-Mass Spectroscopy (ToF-SIMS) and
analyzed the depth profiles of the involved elements within a STO(Fe)/LNO/STO
stack. The resulting graph is shown in Fig. 17, the three different layers can
be nicely identified. An important characteristic of the ToF-SIMS technique is
that within the measured depth profile an increasing signal is more reasonable
than a decreasing one which can be explained mainly by the following two
effects. Ions can be “pushed” by the high energetic sputtering process deeper
into the material stack and additionally, a geometrical effect, e.g. that a signal
originates from the sidewalls of the analysis pit might arise. Both effects will
lead to a method-related increased signal. AFM images of the deposited films
showed a smooth surface with RMS below 1.3nm so that a roughness effect to
the measured spectra can be neglected.
One important result of this ToF-SIMS measurement is that the Ni sig-
nal (blue curve in Fig. 17) is not vanishing at the LNO/STO(Fe) surface but
decreases only slightly within the complete STO(Fe) layer. The shape of this
signal indicates a Ni diffusion during the deposition of the STO(Fe) due to the
high deposition temperature of 700◦C. By the comparison of the Lanthanum
signal intensity within the STO(Fe) and the STO substrate the background sig-
nal for this species can be determined. Taking this into account, the presence
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Figure 17: ToF-SIMS depth profile of a STO(Fe)/LNO/STO layer, investigated area:
100µm × 100µm
of La within the thin STO(Fe) film can be proved. The increased Lanthanum
signal seems to be almost constant within the STO(Fe) film indicating a solu-
tion of La within the STO(Fe) layer. It is well known that Lanthanum acts as
a donor in SrTiO3 and will substitute the Sr at the A-site
3 within the lattice.
The diffusion of Ni was also found by ToF-SIMS within YBCO thin films by
Aytug et al. [72] and is a known problem within the thin film community.
In summary the ToF-SIMS showed that resulting from the high deposition
temperature Ni as well as La is introduced into the switching layer. A reference
measurement on a SrRuO3 bottom electrode device showed no Ruthenium dif-
fusion within the SrTiO3 film. The metallic conduction of a pristine sample
can be explained by the forming of a metal Nickel filament or by a high donor
doping with La.
Discussion:
Unfortunately the undefined sample configuration renders a statement to the
resistive switching mechanism difficult. Regarding the anion migration induced
switching in STO, contributions from the two possible switching interfaces
have to be taken into account. Furthermore, for this system a cation migra-
tion switching mechanism cannot be excluded. As a result of the ToF-SIMS
measurement also a cation induced switching mechanism like in electrochem-
ical metalization cells (ECM) has to be taken into account. For instance, a
3comparable ionic radii of Sr2+: 1.12A˚ and La3+: 1.172A˚
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negative current, Pt negatively biased, could lead to the diffusion of positively
charged Ni ions from the LNO layer towards the Pt. The ToF-SIMS mea-
surements clearly presented the possibility of a Nickel diffusion into STO at
elevated temperatures. Therefore, it is reasonable to assume the electromigra-
tion of Ni within the STO(Fe) layer. If the Ni ions touch the Pt electrode the
ions will be discharged and lead to the growth of a metallic Nickel dendrite
towards the LNO electrode. The contact of the Ni filament to the LNO inter-
face will set the cell to the LRS. By reversing the current the dendrite can be
dissolved. The usually expected large resistance ratio between the conducting
and the insulating state for a ECM-Cell was not observed. However, by as-
suming high leakage currents within the device, which seems reasonable for a
La-doped STO layer, the small resistance ratio could be explained. Neverthe-
less, the physical origin of the switching is still an open question.
For a successful integration of LaNiO3 as an epitaxial bottom electrode
material in MIM-devices a further improvement of the deposition process will
be needed in order to clearly separate anion and cation migration effects.
4.3 Solid solution: SrTi0.95Ru0.05O3
In this section a different approach for the structural properties within the ac-
tive layer will be introduced. For a possible improvement of e.g. the switching
time, power consumption or resistance ratio, compared to usual anion based
switching cells, the active layer was exchanged by a percolate system. The
working point for that system was chosen close by its percolation limit, so
that a small external stimuli ends up with a drastical change in the electrical
properties of the system. Accordingly, the active layer was exchanged by a
thin film consisting of conducting clusters in an insulating matrix.
Figure 18: Process flow for the deposition of the SrTi0.95Ru0.05O3 solid solution using
the example of sample 2 (sketches not true scaled)
For this study thin films consisting of SrRuO3 cluster in an SrTiO3 matrix
were grown epitaxially by PLD and characterized concerning their electrical
properties. Since the ionic radii of Ti4+ (0.605 A˚) and Ru4+ (0.620 A˚) [76] are
comparable, Ti can be substituted by Ru and will form a solid solution over a
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wide composition range [77]. The metal-insulator transition in SrTi1−xRuxO3
is a percolation transition which leads to a critical Ru concentration. Some
publications show the insulator metal transition for Ru concentrations between
35at% - 50at% [77, 78, 79]. However, the percolation threshold in finite sys-
tems is a function of thickness, junction area, concentration and clustersize so
that no unique value can be determined.
In this study all parameters except the clustersize were fixed, so that the
percolation threshold can be tuned by the distribution of the Ru atoms during
the deposition. This was achieved by a special multitarget deposition process
(e.g. Gupta et al. [80], Mieville et al. [81]).
Prior to the deposition of the solid solution, a 80nm thin SRO bottom elec-
trode was grown epitaxially on an undoped STO substrate by PLD. The depo-
sition conditions were chosen for the bottom electrode as well as for the solid
solution to a substrate temperature of 700◦C and a oxygen partial pressure of
0.133mbar. The growth of the solid solution was achieved by the sequential
change between a SRO- and a STO-target during the deposition (see Fig. 18).
The use of two undoped targets leads, compared to a composed one, to the
advantage to have access to some important parameters like the concentration
or the cluster size. In this study we fixed the concentration of SRO to 5at% by
keeping the ratio of deposited unit cell layers (ucl) of both materials constant.
target sample 1 sample 2 sample 3
deposited ucl before SRO 0.01 0.5 1
target change STO 0.2 10 20
total number of cycles 300 8 4
Table 1: Deposition sequence for the SrTi0.95Ru0.05O3 solid solution samples
The SRO cluster size can be controlled by the proportion of SRO ucl de-
posited before changing to the STO target, as can be seen in Table 1. This
procedure will lead to the two extreme cases of almost 0% ucl SRO which is
comparable to homogeneous doping and 100% ucl SRO which would lead to a
superlattice structure. All prepared samples exhibit film thicknesses of 30nm
which is suitable for the later LC-AFM characterization.
The thin films were characterized concerning their epitaxial growth and
their topography by XRD and tapping mode AFM, respectively. On the left
side in Fig. 19 the results of the XRD investigation in terms of two 2θω-scans
are shown. The lower graph presents an overview scan within the 2θ range from
20deg to 80deg indicating the epitaxial growth of the solid solution. Only the
three reflections (001), (002) and (003), which are the only allowed ones for
a (00l)-orientation, were detected. Thus a generation of a new phase can be
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excluded. An additional feature within the spectra is the (111)-peak resulting
from the polycrystalline Pt top electrodes which were deposited by magnetron
sputtering. A closer look at the (002)-substrate peak, displayed in the upper
spectra, shows a clear separation of the STO and the SRO-bottom electrode
peak. Rocking curves were measured on both peaks and all samples leading to
comparable values for FWHM (full width at half maximum) of below 0.05deg
indicating the successful epitaxial growth. Since the XRD pattern of the solid
solution should lead to identical peak positions as the used substrate and bot-
tom electrode material, the solid solution signal may be completely covert by
those peaks. Due to the small SRO content of only 5at% within the solid solu-
tion it cannot be excluded that the SRO signal is too weak to be detected. It
has to be mentioned that these results are independent of the SRO cluster sizes.
Figure 19: XRD spectra (left) and tapping mode AFM measurements (right) of
SrTi0.95Ru0.05O3 with different cluster sizes
The topography of samples with three different cluster sizes is shown on
the right side in Fig. 19. All of the samples were grown smoothly in a layer-
by-layer growth mode with a root mean square roughnesses below 1nm. The
differences in the step heights and lengths result from the SRO thin film to-
pography and is like the other topographical properties not influenced by the
SRO cluster size.
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To determine how the local conductivity is influenced by the SRO cluster
size LC-AFM measurements were performed. The resulting current images
are shown in Fig. 20. As a reference, an undoped SrTiO3 thin film was pre-
pared and measured. The current image of the undoped STO sample exhibits
conducting spots within an insulating matrix (for details see chapter 6). By
comparing this result with the result of the solid solution sample with smallest
cluster size some affinity is noticeable. The shape and the size of the conduct-
ing spots as well as their irregular arrangement is comparable for both samples.
With increasing clustersize, the size of conducting pattern increases so that a
correlation between the SRO cluster size and the conducting pattern can be
proved. Unfortunately the LC-AFM technique will not provide information
about the absolute sizes of clusters.
Figure 20: Upper part: LC-AFM current images of an undoped SrTiO3 film and
three SrTi0.95Ru0.05O3 films with different cluster sizes. The tip was biased to -4V.
lower part: Corresponding local I(V)-characteristic.
To check the resistive switching potential of the solid solution, local I(V)-
curves were measured. This was achieved by placing the AFM-tip on the
conducting pattern and applying a bipolar voltage sweep. The resulting I(V)-
curves are shown in the lower part of Fig. 20. The resistive switching is more
pronounced within the undoped sample but for all solid solutions resistive
switching could be realized. By applying a negative bias to the AFM tip the
local conductance can be increased which corresponds to an oxygen related
opening of a conducting filament.
For a macroscopic characterization, Pt dot top electrodes were deposited
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by a shadow mask process using magnetron sputtering to measure the prop-
erties of MIM structures. After deposition, the samples exhibits a symmetric
V(I)-curve without any hysteresis. Only after an electrical forming treatment
some extremely unstable resistive switching could be achieved for some junc-
tions (see Fig. 21). No influence of the cluster size to the switching could be
observed.
Figure 21: V(I)-curves measured on sample 1; (left) typical symmetric V(I)-curve
measured on the majority of the junctions; (right) bipolar resistive switching curve
found for only a few junctions after applying electrical forming procedures (positive
bias at Pt)
In conclusion, a new deposition process has been introduced which allows
to modify e.g. the distribution of dopants within an epitaxial layer. A success-
ful implementation of conducting cluster (SRO) within an insulating matrix
(STO) could be achieved and proved by LC-AFM measurements. Unfortu-
nately neither the Roff/Ron-ratio nor the stability could be improved during
this spadework. Nevertheless, the idea to replace a homogeneous layer by a
solid solution seems to be an interesting approach which may lead in further
projects to an improvement of the device performances.
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5 Structural properties of thin films
This chapter contains the preparation and the structural properties of the epi-
taxial thin films grown by PLD. Therefore the thin film deposition process,
used within this work, will be first introduced. For the structural investigation
x-ray diffraction (XRD) has been used to check crystalline properties. These
results will be described in the second section. The last part will afterwards
focus on the topographic properties of the thin film surfaces investigated by
atomic force microscopy (AFM).
5.1 Sample preparation
As already described in section 4.1 miscellaneous materials were available for
the construction of MIM-devices. The majority of the devices investigated
within this work exhibited the device configuration Pt/STO(Fe)/Nb:STO and
Pt/STO(Fe)/SRO.
The epitaxial 1 at% Fe-doped SrTiO3 (STO(Fe)) thin films with thick-
nesses between 6nm and 750nm were grown by pulsed laser deposition using
a ceramic SrTi0.99Fe0.01O3 target. To achieve a layer by layer growth mode of
the functional layer the Nb-doped substrates were treated before the deposi-
tion by an annealing step at 1000◦C for several hours in a furnace. This leads
to a reconstruction of the surface so that after this procedure a step-terrace
structure can be observed. The height of this terraces, originating from the
miscut angle of the single crystal, were measured by AFM to 0.39nm height
which corresponds to a unit cell height of STO.
In case of an undoped STO substrate a SrRuO3 (SRO) bottom electrode
was grown epitaxially before the STO(Fe) thin film deposition started. Both
films were deposited without a subsequent break of the vacuum. SrRuO3 is
due to its pseudo cubic lattice crystal structure (3.93A˚) and the small lattice
mismatch to STO a suitable electrode material for an epitaxial growth of STO.
In case of a SRO bottom electrode the termination of the substrate surface is
important to achieve a smooth growth. Therefore the substrate is treated by
an annealing step and an etching step with a buffered HF-solution leading to a
TiO2 terminated surface [82]. Parameters used within this work: 1.) etching:
BHF, pH 6.5, 3min 30sec; 2.) annealing: 2h at 950◦C. The SRO thickness
was fixed to 80nm for all samples, a substrate temperature of 700◦C, a laser
energy density of 2.32 J/cm2, an oxygen partial pressure of 0.25mbar and a
10Hz repetition rate were used.
After an optimization of the deposition conditions for STO the Fe-doped
STO films were grown using a laser energy density of 1.55 J/cm2, a deposition
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temperature of 700◦C, an oxygen partial pressure of 0.25mbar and a repetition
rate of 5Hz. After the deposition process, the samples cooled down in an oxy-
gen atmosphere of 500mbar.
To complete the MIM-structure, 100nm thick Pt top electrodes were de-
posited by magnetron sputtering and patterned on the one hand by optical
lithography and a dry etching process or on the other hand by a shadow mask
process to electrodes with different diameters. The electrode diameters ranged
from 1mm down to 50µm. Their size will be named “padsize” within this the-
sis. An ohmic contact to the SRO or Nb:STO bottom electrode,respective, was
achieved by Al wire bonding after removal of the STO(Fe) film on a corner
of the chip by a wet etching step using a buffered HF solution (pH 6, several
minutes).
5.2 X-Ray Diffraction (XRD)
For the investigation on the crystal structure of the deposited films x-ray
diffraction was performed using a Philips PW 3020 Cu Kα diffractometer. All
samples run through that procedure to confirm a successful epitaxial growth.
As already described by Ohnishi et al. [83] a deviation within the stoi-
chiometry of the SrTiO3 will lead to a deformation of the crystal structure.
The resulting shift of the peaks within a 2θω-scan were used to optimize the
PLD deposition conditions.
The lower graph in Fig. 22 displays a typical 2θω-scan of a
STO(Fe)/SRO/STO within a 2θ range from 20deg to 80deg. Due to
the (001) orientation of the substrate only the for a (00l)-orientation allowed
three reflections (001), (002) and (003) were detected so that a formation
of a new phase can be excluded. A closer look at the (002)-substrate peak,
shown in the upper spectra, allows the clear separation of the STO and the
SRO-bottom electrode peak.
Rocking curves were measured on both peaks leading to comparable values
for FWHM (full width at half maximum) of below 0.05deg. Since the XRD
pattern of the 1at% Fe doped STO should lead, with the optimized deposi-
tion conditions, to peak positions identical to the used substrate, the thin film
signal is completely covert by substrate peaks [84]. However taking all XRD
results together a sucessful epitaxial growth with a high crystal quality could
be achieved.
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Figure 22: 2θω-scans of a (001) oriented STO single crystal (red) and an epitaxial
grown thin film stack of 45nm STO(Fe)/80nm SRO/(001)STO (black)
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5.3 Atomic Force Microscopy (AFM)
The surface morphology of the grown films was characterized by atomic force
microscopy using a SIS microscope, type PICOStation, operating in the tap-
ping mode. All deposited films underwent this characterization step to guar-
antee a morphological comparability of different samples.
To compare the morphology of the STO(Fe) films grown on different bot-
tom electrodes two AFM scans, which can be seen in Fig. 23, were made. The
scanned area was chosen to 100µm2. Both images indicate a smooth layer by
layer growth resulting in a step-terrace surface topography. A line scan across
one terrace step on the left image in Fig. 23 leads to terrace heights of 0.4nm
which corresponds to the unit cell height of SrTiO3 (0.39nm). On the right
image, STO(Fe) on Nb:STO, the step height is two to three times a STO unit
cell height. This increased terrace height results directly from the different
substrate or SRO thin film morphology and cannot be attributed to a different
growth kinetic. Nevertheless, both images exhibit a RMS roughness value of
< 0.3nm proving the high quality of the thin film growth process.
Figure 23: Topography of epitaxial grown 50nm thin STO(Fe) film on different bottom
electrodes: STO/80nmSRO/STO (left); STO/Nb:STO (right)
The thickness dependence of the morphology of STO(Fe) films on Nb:STO,
which was investigated by recording 4µm2 AFM scans, can be seen in Fig. 24.
The STO thicknesses investigated varied in the range from 6nm to 750nm.
This wide range of thicknesses was necessary to achieve always the optimal
thickness for the later used measurement technique.
It is obvious by regarding the AFM images in Fig. 24 that a change in the
growth mode occurs between 220nm and 300nm. For film thicknesses equal
and below 220nm, a clear terrace structure is visible indicating layer by layer
growth. However, additional second-layer-generation already occurred for the
220nm sample, indicated by the hilly substructure on the terraces. For thicker
films it is energetically preferred to grow in 3d-growth mode which ends up
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Figure 24: AFM images of epitaxial grown STO(Fe) with different film thicknesses
grown on Nb:STO
with this hill-like grainy structure. The diameter of the growth islands in-
creased by increasing layer thickness. Averaged values for the diameters of the
islands were extracted from the images to values of 45nm for a 300nm thin
film, 60nm for the 500nm and 75nm for a thickness of 750nm.
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6 Nano-scale electrical properties
A valuable technique to study the local electrical properties of a material on
the nm-scale is the conductive atomic force microscopy (LC-AFM). A bias can
be applied between the conductive tip of the AFM, operating in the contact
mode, and the sample so that during a AFM scan the topography as well as
the local conductance can be recorded. These investigations were done with a
Jeol4210 microscope equipped with a Pt/Ir coated cantilever. The used PPP-
CONTPt-SPL cantilever from the company Nanosensors exhibits a typical tip
radius of 20nm. Finite element simulations showed that the applied voltage
drops over a much smaller area so that a local conductivity resolution of a few
nanometer can be achieved (e.g. page 76 and [85]).
Szot et al. showed by means of LC-AFM that the local conductivity of
thermally reduced SrTiO3 single crystals is strongly inhomogeneous [15]. They
concluded that the measured conducting spots correlate to exits of extended
defects. The resistance of each spot can be switched over several orders of
magnitude by applying electrical stress. Measurements on epitaxial grown un-
doped SrTiO3 thin films give also evidence of a filamentary conduction within
the material [86].
Within this chapter the local conductance of the iron doped STO thin films
will be studied in detail. Therefore, 6nm thin STO(Fe) films were deposited on
SRO bottom electrodes or Nb:STO substrates. Since no differences could be
observed within the results for both bottom electrode materials, an influence of
the lower interface can be neglected for the AFM measurements. All measure-
ments were performed under vacuum conditions to get rid of adsorbates (like
water and carbonates) on the surface. Additional, prior to the measurement,
the samples were annealed at 200◦C for several minutes to remove adsorbates
[85]. Unfortunately, the microscope does not allow to perform an annealing
process in vacuum so that an external hotplate under ambient conditions was
used. However, the hot sample was moved from the hotplate directly into
the vacuum thus the elevated temperatures of the samples prevented a “recon-
tamination” of the surface. Nevertheless, the continuing improvement of the
microscope setup will allow to perform in situ annealing processes in the near
future leading to cleaner sample surfaces.
To clarify if the iron doping will change the local conductivity within
SrTiO3, we compare these results to undoped STO thin films. Undoped as
well as 1at%Fe doped STO thin films were grown on SRO bottom electrodes.
Film thicknesses of 6nm, confirmed by x-ray refectivity measurements (XRR),
were chosen for both types of samples. As already shown in the previous chap-
ter, the surface roughness could be determined to RMS values smaller than
0.5nm for both samples. Since the AFM has to operate in the contact mode
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to measure the local conductivity, the topography images exhibit poor reso-
lution compared to non-contact or tapping mode images. Therefore, only the
current images are shown in Fig. 25. The forming procedure, which is usually
needed to switch STO is performed by repeatedly scanning of the surface with
successively increased positive biased tip.
A 100nm x 100nm current image of the formed undoped STO thin film
can be seen on the left side of Fig. 25. This large voltage amplitude was
chosen to achieve sufficiently high currents through the sample to guarantee
a reasonable signal-to-noise ratio. The bright spots in the current image dis-
play regions with an enhanced conductivity. The filamentary character of the
conductance is obvious and comparable to the results published by Szot et al.
[86]. For the Fe-doped thin film a similar forming procedure was used. The
current image of this film can be seen on the right side of Fig. 25. The iron
doped STO shows a comparable inhomogeneity in the conductance as the un-
doped sample. The diameter of the conducting spots as well as their density
are similar. The slightly higher resistance of the STO(Fe) can be explained by
a “sample to sample” variation. Due to the fact that the topography remained
unchanged during the voltage treatment it can be excluded for both samples
that the conducting spots resulted from local dielectric breakdowns.
Figure 25: LC-AFM current images of 6nm thin films of undoped (left) and 1at%Fe
doped STO (right) taken at a -4V biased tip. In the middle bipolar switching curves
for a spot on each sample are shown.
To measure the local I(V)-curve the AFM tip was placed on one of the
conducting spots. Thus a quasistatic voltage sweep can be applied to only a
single spot. The resulting I(V)-curves are displayed in the middle of Fig. 25.
There are two main differences obvious, the shape of the I(V)-branches and
the switching polarity. Within the local I(V)-curves measured on the undoped
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STO the linear metallic branch of the LRS is obvious (compare also Szot et
al. [86]) whereas in case of the Fe-doping this linear branch could not be ob-
served. Furthermore, the switching polarity of the undoped STO is contrary
to the one of the Fe-doped STO. That doping of STO may lead to a change
of the switching polarity has been already reported by Mu¨nstermann et al.
[87] for Nb-doped STO. The resistive switching in undoped STO is mainly
explained by the oxygen related opening and closing of the filaments, similar
can be expected for doped STO. Why the switching polarity is changed for
acceptor as well as for donor doping is still under discussion.
In undoped STO the opening and closing of the conducting channels is con-
sistent with the model of Szot et al. [15]. Namely, a negative biased tip will
push the oxygen ions away from the surface within the network of dislocations
which results in an local reduction and a decreased resistance. A positively
biased tip indeed will attract the negatively charged oxygen ions and locally
oxidize the filament resulting in the HRS (see sketch in Fig. 3 of section 2.1).
The different switching polarity of Fe-doped STO could be explained if
one considers its acceptors as immobile. The mobile oxygen vacancies will be
attracted by a negatively biased AFM tip and start to accumulate next to
the surface. Deeper within the material, the concentration of these vacancies
may drop below the acceptor concentration thus a n-p-doping profile shows
up. The p-type region will act as a potential barrier for electrons and increases
the measured resistance [88]. A positive biased tip will decrease the extension
of the p-type region and leads thereby to a resistance decrease. This model
bases on several assumptions which makes a justification difficult. However,
the measured data can be described by this model.
Another possible explanation for the Fe-doped switching polarity may also
be a voltage induced build-in or removal of oxygen to/from the thin film. A
positively biased tip will retract oxygen ions from the STO(Fe) layer leading
to a reduced and highly conducting film. Under a positive biased tip, the oxy-
gen will be induced back into the film resulting in a high resistance. For this
model, questions about the possibility to dissociate the oxygen molecules at
the surface have to be addressed for a deeper understanding. Furthermore, it
is still unclear why this effect shows up in doped STO.
At this stage of research, no revisable model can been developed which ex-
plains all measured effects which showed up during the LC-AFM investigations
of the switching phenomena.
To proof the assumption that the conducting spots can be identified with
the exits of extended defects, two samples with different defect densities were
compared. For this purpose, two 15nm thin STO(Fe) films were grown on
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Nb:STO with different laser repetition rates (2Hz and 30Hz). The film grown
with the high repetition rate exhibits, due to the non-ideal growth kinetics,
more structural defects. Non-contact AFM measurement confirmed for both
samples a smooth growth with RMS roughness values below 0.5nm. However
the defect rich sample showed some hilly substructure on the terraces.
In Fig. 26 the results of the LC-AFM scans for both samples are shown,
the upper images correspond to the topography and the lower to the local con-
ductance. The left images, which were taken on the sample with less defects,
showed a similar conductivity distribution as the thinner Fe-doped film shown
in Fig. 25. In both cases, the films were grown in a layer-by-layer growth
mode and no correlation between topography and conductivity distribution
was detected.
Figure 26: Comparison a defect poor (left) and defect rich (right) Fe-doped STO film
by LC-AFM. The scanned area was chosen to 200nm by 200nm and the AFM tip was
biased with -4V to record the current images. In the middle two local I(V)-curves,
corresponding to both samples, are shown.
For the defect rich film the topography is slightly rougher and a hill-like
structure can be seen. It clearly shows that the high repetition rate and the
resulting defects inhibit a layer-by-layer growth. But the most significant dif-
ference between both samples showed up in the current images. The sample
deposited at 2Hz showed small conducting spots with diameters of only a few
nanometers. The 30Hz film instead showed larger pattern within the conduc-
tion. The typical radius of that circular pattern could be estimated to 20nm.
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Even though there is no one-to-one correlation between the hills measured in
the topography and the conductance pattern, a similarity cannot be disputed.
For Nb:STO thin films Muenstermann et al. [87] showed by LC-AFM measure-
ments a direct correlation between the topography and the conductance. Both
results confirm the connection of crystal defects and the local conductance.
However the microscopic details of the defects which are responsible for the
local conductivity have to be clarified in the future. One key point within this
content would be to clarify the distribution of doping atoms in the defective
area, since the segregation of doping atoms to the grain boundaries is well
known in ceramics. Nevertheless the correlation between the defect density
and the conductance opens the possibility to “arrange” the conducting pattern
by defect engineering which is highly interesting in view of a later integration
in a memory device.
Local I(V)-curves recorded on the conducting pattern showed no signifi-
cant difference for the two types of samples except the reduced net resistance
for the defect rich film. Since oxygen can diffuse much faster along defects the
voltage induced redistribution within the defect rich films during the switching
shows a larger effect. We compared the properties of MIM structures on the
two types of thin films. According to the low initial resistance, the defect-rich
sample could not be switched, since the voltage drop across the film required
(usually 1-2V) for switching could not be achieved within the given current
regime.
As already described, all samples were formed by several AFM scans with
successively increasing positive biased tip. This was usually performed in 0.5V
steps starting at 0V. An interesting effect can be observed for the Fe-doped
STO films by skipping this procedure. If the bias applied to the tip is initially
high (typical larger than 2.5V) the conductivity immediately rises within the
first scan. The distribution of the conductivity varies drastically from that on
a formed surface. As shown on the left side in Fig. 27, the conductance is
much more homogeneous than the conductivity shown in Fig. 26. It has to be
mentioned that for undoped STO this effect never occurs.
This homogeneous conductivity can be switched on and off by scanning
with a biased tip. A negatively biased tip leads to a resistance increase and
positive to a decrease. This can be nicely seen on the right current image
in Fig. 27. To get the displayed pattern several AFM scans with alternate
tip polarity (+/-4V) and shrinking scan area were performed. Afterwards a
large 1µm by 1µm scan with a -4V biased tip was made to record the written
pattern. The readout voltage was chosen to -4V to get currents which were
sufficient to be detected. A negatively biased tip switched the surface to larger
resistances. To switch the pattern off completely, several scans are needed. A
line scan across the written pattern, see Fig. 27, showed different current levels
56 6 Nano-scale electrical properties
for different regions which were set to the LRS. From these results it can be
concluded that the observed switching phenomena is a current-driven process,
since the duration of all scans was fixed to 240sec. Thus the net charge injected
per area increased with decreasing scan size. It is important to note that the
voltage stress applied to surface does not affect the topography of the sample.
Thus the switching can be attributed to a real electronic/ionic effect and not
to a structural change of the surface.
Similar effects can be observed in TiO2 thin films. The stability of this writ-
ten pattern was confirmed for several hours. It has also been demonstrated
that neither oxidizing nor reducing gas atmospheres influence this conductance
(Mu¨nstermann et al. unpublished). This supports the idea that resistance
switching is an internal redistribution of oxygen and a redox-process with the
surrounding gas atmosphere.
Figure 27: LC-AFM images taken without a forming process. The pattern in the right
image were written using Vtip: +/-4V. Below a line scan along the dashed white line is
plotted indicating the charge driven process.
The homogeneous switching could be explained by using a similar model
as described on page 53. Without any forming treatment, the voltage induced
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redistribution of oxygen vacancies/ions within the thin film can occur on the
complete surface. In case of a previous forming treatment, the oxygen va-
cancies/ions will be removed from the sample predominately along extended
defect [15] which established preferred paths for the oxygen movement. Thus
a LC-AFM image of the formed surface will be dominated by the conducting
exits of filaments.
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For the integration of STO(Fe) within a resistive switching memory cell the
electrical properties of metal-insulator-metal (MIM) structures will be of great
interest. Therefore, it seems to be advantageous, before studying the elec-
troformation and switching effects, to make some primary investigations on
pristine samples. The study of junctions which do not have been subjected to
any thermal or electrical treatment allows to gain some basic information on
the “undisturbed” STO(Fe). Within the following section the influence of the
electrode material on the electrical properties of the MIM devices will be dis-
cussed. The second section pays some attention to polarization effects which
can show up in STO.
7.1 Influence of electrodes
Even though there is no difference in the growth morphology visible (see section
5.3), for SrTiO3 films grown on SrRuO3 or Nb:STO, the electrical properties
in pristine devices vary dramatically. Nevertheless, the resistance of pristine
junctions should, like the leakage current, scale with the area. To offer some
evidence for this assumption, two samples were prepared with a STO(Fe) thick-
ness of 45nm on both types of bottom electrode material. Pt dot top-electrodes
were deposited afterwards on both samples and patterned by a shadow mask
process to get three different junction areas (dot electrodes with diameters of
100µm, 400µm and 800µm). The resistances were measured by applying 50mV
to the pristine devices.
Figure 28: Area dependence of the resistance normalized to the junction area for a
45nm thin STO(Fe) film deposited on different bottom electrode materials, lines: guide
to the eye
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In Fig. 28 the normalized resistance for both samples is plotted against
the junction area. Since the resistance was normalized to the junction area, a
constant value for both samples should be observable in that plot. This is true
in case of the Nb:STO bottom electrode devices as indicated by the red line in
Fig. 28. Regarding the SRO devices, a clear decrease of RArea with increasing
junction area is observed. This area dependent variation can not be explained
by the differing workfunctions of the bottom electrode materials. Nb:STO can
be regarded, due to the high electron concentration, as a metal-like material
with a workfunction of 4.1eV. On the other hand, the workfunction of SRO
can be estimated to be 4.7eV [74]. This difference would, assuming a current
which is limited by a charge injection mechanism, only lead to different ab-
solute values of the device resistances. The curious junction area dependence
of the resistance can only be explained by assuming local structural inhomo-
geneities or defects with a density < 1/(100 · 100µm2). Unfortunately, these
defects could not be detected, due to their low density on the surface, by AFM
in a proper way. However, if the diameter of the junction electrode overcomes
the average distance between the local defects, the leakage currents increase
unproportional to the junction area. In the case of Nb:STO, the defect density
is reduced due to the homoepitaxial growth which allows to measure larger
junction areas without defect disturbances. Therefore, most of the devices in-
vestigated in this work were prepared on Nb:STO bottom electrodes.
Figure 29: I(V)-curves of pristine Pt/Ti/STO(Fe)/Nb:STO (left) and
Pt/STO(Fe)/Nb:STO (right) MIM-structures shown in a linear and logarithmic
representation
To investigate the influence of different top metal contacts on the I(V)- char-
acteristic a 45nm thin STO(Fe) film was grown on a (100)-oriented Nb:STO
substrate. The beforehand determined lower spread of the initial device re-
sistances as well as the better reproducibility of the measurements justify the
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use of Nb:STO as a substrate material. For the comparison of a deep and a
shallow workfunction metal as the top electrode material the sample was split
after the PLD process. One half was prepared with sputtered electrodes made
of Pt which exhibits a workfunction of 5.65eV [74]. For the other half, a shal-
low workfunction metal - in this case Ti (φB: 4.3eV) [74] - was chosen. Due to
the high oxidization potential of Ti a capping layer of Pt was sputtered in situ
on top of the Ti to prevent the complete oxidation. However, the formation
of a thin layer of TiOx at the Ti/STO(Fe) interface cannot be excluded. The
electrode diameter was fixed to 200µm.
The I(V)-characteristics of both
Figure 30: Band diagram of SrTiO3 with
different doping levels and work functions of
Ti and Pt
samples are displayed in Fig. 29, in
the upper part the corresponding
material stacks are sketched. In case
of the Ti top electrode, an almost
symmetric I(V)-curve is found. The
device exhibits an, for an insulator,
extremely low resistance < 100Ω
which demonstrates the ohmic
nature of both the Ti/STO(Fe) and
the STO(Fe)/Nb:STO interface. In
comparison, in case of the Pt top
electrode, a highly asymmetric char-
acteristic with a significant higher device resistance is found. The rectifying
properties hint to the presence of a Schottky contact at the Pt/STO(Fe)
interface which shows, biased in forward direction (Pt positive), the typical
exponential I(V)-behavior.
From the results of both types of samples, we can conclude that the STO(Fe)
films exhibit a significant n-type conductivity at room temperature which we
attribute to the self-doping by oxygen vacancies formed during the deposition
procedure. This conclusion can be understood easily by having a look on the
energetic band scheme of STO, as shown in Fig. 30. SrTiO3 is a band-gap
insulator with a band-gap of 3.3eV and an electron affinity of 4.1eV. Oxy-
gen vacancies act as donors and have therewith an energetic level next to the
conduction band (comparable to a Nb doping) and will lead to a Fermi level
close to the conduction band. If one brings a metal in contact with donor
doped STO, the Fermi level within the semiconductor aligns to the workfunc-
tion of the metal. Assuming the Fermi energy level within the STO close to
the conduction band, this will lead only to weak band bending in the case
of Ti. A contact with none or only a small potential barrier will be named
“ohmic” or neutral contact. The same holds also for the STO(Fe)/Nb:STO
interface. Bringing Pt in close contact with the STO will result in a much
stronger bending and a Schottky type of contact. Since the STO(Fe)/Nb:STO
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interface seems to be ohmic, only the Pt/STO(Fe) interface has to be consid-
ered in the further analysis4.
The Pt/STO(Fe) interface leads to a depletion layer within the thin film
and will be investigated by means of impedance spectroscopy. Impedance spec-
troscopy is a powerful tool to separate the different electrical contributions (e.g.
grain boundaries, interfaces, depletion layers...) to the macroscopic resistance
[71].
Figure 31: (left) Bode plots of the real part, Z ′, of the impedance for
Pt/STO(Fe)/Nb:STO devices with three different STO(Fe) film thicknesses (d = 45,
500, 750nm); (right) equivalent circuit model used for the fitting and simulated Bode-
plots of ceramic STO (adapted from [89]: The extension of the space charge zones:
λ∗ ≡ λ√4e∆φ/kbT where ∆φ is the contact potential and λ the Debye length is given
by λ ≡√r0kbT/ (2e2CFe) with CFe: acceptor concentration)
Impedance studies on STO(Fe) ceramic samples [89] performed by Balaya
et al. (MPI Stuttgart) could show that an overlap of the Mott-Schottky layers
4Comparable results were found for undoped STO devices.
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resulting from the grain boundaries is responsible for the disappearance of the
bulk response to the impedance. Transferring these results to the investigated
Pt/STO(Fe)/Nb:STO thin film structures, one expects two capacitive effects
(bulk and depletion layer) contributing to the frequency dependent complex
impedance only for film thicknesses that are larger than the width of the Schot-
tky depletion layer. Therefore, three different STO(Fe) film thicknesses were
investigated. Bode plots of the real part, Z ′, of the complex impedance are
shown in Fig. 31. In case of the 45nm thin film the data could be fitted by
using only one Voigt element leading to a RDC (ω → 0) value of around 1MΩ.
For increasing film thicknesses of 500nm and 750nm an additional contribu-
tion, marked blue in Fig. 31, to Z ′ appeared. Thus, the total spectra have to
be fitted by two Voigt elements. In that case, the total DC resistance consists
of two contributions which can be individually determined by the fitting pro-
cedure.
From the spectrum of the 500nm thin film RDC values of 1PΩ (red) and
2kΩ (blue) could be extracted. For the 750nm thin sample values of 200GΩ
(red) and 9MΩ (blue) were determined. Regarding these results it showed up
that the “blue” contribution becomes pronounced by increasing film thickness.
This thickness dependence and its absence in the 45nm sample indicate that
the“blue”contribution has to be assigned to the bulk properties. Furthermore,
the “red” contribution can be allocated to the impedance of the Schottky de-
pletion layer at the Pt/STO(Fe) interface. The lower limit for the width of
this depletion layer can thus be deduced to be at least 45nm.
In the majority of cases, some problems concerning the comparability of
different samples appeared. Therefore, a quantitative analysis has to be made
on a single sample exhibiting a thickness gradient. This type of sample was
prepared and is schematically sketched in Fig. 32.
On the right side of Fig. 32 the area capacitance of this sample is plotted
along the gradient. It is obvious that only one impedance contribution scales
with the thickness whereas the other one stays almost constant which leads
to a clear allocation of both to the bulk and the depletion layer properties,
respectively. This allocation can be supported by a comparison of two differ-
ent metal electrodes as shown on the left side of Fig. 32. This measurement
was performed on the same sample at positions with equal STO(Fe) thickness.
The clear absence of the depletion layer contribution in case of the Ti elec-
trode, which is known to act as an ohmic contact, can be pointed out. This
successful allocation of the Voigt elements to their physical origin implies that
the overall resistance is dominated by the depletion layer resulting from the
Schottky contact at the Pt/STO(Fe) interface.
For a further investigation of the depletion layer, DC-bias dependent
impedance measurements were performed. It is well known that the bulk
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Figure 32: (left) Cole-Cole and Bode plots of samples with Pt and Ti electrodes;
(right) fitted area capacitance for the bulk and depletion layer contribution along the
thickness gradient
impedance should only be slightly influenced by an applied DC bias, whereas
the depletion layer impedance should clearly vary with an applied DC bias
[90, 89]. This was indeed found for the samples as can be seen in Fig. 33. The
junction was biased in the reverse direction of the Schottky contact, meaning
negative bias at the Pt electrode.
Figure 33: (left) DC bias dependent Bode plots of Z ′ measured on a Pt/500nm
STO(Fe)/Nb:STO device; (right) C-V relationship of a reverse biased Pt/STO(Fe) junc-
tion
The Bode plot of Z ′ clearly shows the change in the DC resistance of the
depletion layer with an applied bias, whereas the bulk contribution remains
constant. As a result of the Schottky effect, which is the image-force-induced
lowering of the potential energy for charge carrier emission by an applied elec-
tric field, the depletion layer resistance decreases for increasing biases. The
DC bias dependence of the capacitance can be used to determine the width of
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the depletion layer by means of the following equations [91]:
S2
C2
=
VBi − V
0rNd
(7.1)
WD =
√
20r (VBi − V )
eNd
(7.2)
where VBi is the build-in potential, S the junction area, Nd the ionized donor
concentration, Wd the width of depletion layer, r the specific permittivity, 0
the vacuum permittivity, e the elementary charge, C the capacitance of the
depletion layer and V the applied DC bias
If Nd is constant throughout the depletion region, a straight line should be
obtained by plotting 1/C2 versus V. One can extract rND and VBi from the
slope and the intersection of V at S2/C2=0, respectively. The build-in poten-
tial was determined to be VBi=2.2eV and the donor concentration could be
estimated by using a STO permittivity of 300 to be Nd = 2.2·1018 cm−3. Using
these values the width of the depletion layer WD can be calculated by using
equation (7.2) and one obtains Wd ≈ 200nm. For these calculations the DC
bias dependence of the permittivity was neglected here. This is justified by the
results of Schmitz et al. [92] who showed the weak tunability of Pt/STO/Pt
device at room temperature.
Except from the build-in potential all values seem to be reasonable. The
calculated build-in potential is significantly too high, from a simplified band
scheme a value of around 1.4eV is expected. Park et al. found for a Pt/Nb:STO
interface also an enhanced build-in potential which they explained by a low
dielectric interface layer [93]. The same results were found in the case of a
Au/Nb:STO interface, too [94]. The existence of a dielectric deadlayer can
thus not be ruled out for the investigated Pt/STO(Fe) interface [95].
For a further investigation on the Pt/STO(Fe) Schottky contact a thick
film of 750nm STO(Fe) was used to prevent disturbances5 from the thin film
geometry. Fig. 34 shows in a logarithmic scale the quasistatic I(V)-curve of
the Pt/STO(Fe)/Nb:STO-structure measured between -0.5V and +1.2V. The
“parasitic” currents of the setup were in the 0.03nA range so that the observed
“baseline”(dashed line in Fig. 34) can be simply explained by the limit of
the I(V)-setup. In forward bias direction of the Schottky junction the cur-
rent increases exponentially after leaving the “parasitic” current regime, which
5A film thickness d smaller than the width of the depletion layer WD leads to a fully
depleted film. If the charge carrier concentration in the film is too low to compensate the
differences of the Fermi levels, the equilibrium Fermi level is determined only by the two
electrodes and not by the material in between. For d << Wd also a flat level case is possible
which makes the study of the Schottky junction even more complicated [96, 97].
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Figure 34: Quasistatic I(V) characteristic of a pristine Pt/STO(Fe)/Nb:STO struc-
ture, red line: fit of the forward direction of Pt/STO(Fe) Schottky contact
corresponds to a linear behavior in a logarithmic scaled plot. The hysteretic
opening of the I(V)-curve after reaching the sweep reversal point and the cur-
rent dips at +0.35V and -0.5V will be discussed in the following section 7.2.
The current transport in a metal-semiconductor contact is mainly due to
majority carriers, which are in this case electrons. One can basically distinguish
between four transport processes [91].
• transport of electrons over the potential barrier (thermionic emission)
(dominant process for Schottky diodes with moderately doped semicon-
ductors)
• quantum-mechanical tunneling through the barrier (important for heav-
ily doped semiconductors and responsible for the most ohmic contacts)
• recombination in the space-charge region (identical to the recombination
in a p-n junction)
• hole injection from the metal to the semiconductor (equivalent to recom-
bination in the neutral region)
The current through the Pt/STO(Fe) junction will be described by the
Thermionic Emission-Diffusion Theory [91, 92] assuming that the barrier height
is much larger than kT .
I = JsS
(
exp
(
eV
nkBT
)
− 1
)
(7.3)
I = JsSexp
(
eV
nkBT
)
for V >>
kbT
e
(7.4)
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with S junction area, n ideality factor, kB Boltzmann constant, T temperature.
For simplification, the mean free path of the electrons was assumed to
be larger than the width of the depletion layer so that the effects of optical
phonon scattering and quantum mechanical reflections can be neglected [91].
Consequently, the saturation current density Js can be calculated by use of the
effective Richardson constant A∗.
The saturation current density Js is given by
Js = A
∗T 2exp
(
− eφB
kBT
)
(7.5)
with A∗ effective Richardson constant, T temperature, e electron charge, φB
effective Schottky barrier height, kB Boltzmann constant.
Definition of the ideality factor n:
n ≡ e
kT
∂V
∂ (ln (I))
(7.6)
The ideality factor is very close to unity at low doping levels and high
temperatures. However, for high doping levels and lower temperatures, the
tunneling current becomes dominant. The fit of the I(V)-curve in forward
direction of the Pt/STO(Fe) Schottky contact is shown in Fig. 34. For the
calculation an effective Richardson constant of A∗=120 A
cm2K2
[92, 98] was cho-
sen.
An ideality factor of n = 2.17 and an effective Schottky barrier height of
φB = 1.07eV could be determined. The enhanced ideality factor indicates
that in addition to the thermionic emission another injection mechanism, e.g.
tunneling , contributes to the current. The theoretical Schottky barrier height
can be estimated by the simple Mott-Schottky relation φB = φM − χS (φM :
workfunction of metal and χS: electron affinity of semiconductor) to a value
of φB=1.55eV (see Fig. 30) which is significantly higher than the value found
experimentally. Therefore, it has to be pointed out that even though the
last few monolayer of the STO(Fe) film might show some deviations from
stoichiometry due to kinetic de-mixing generated by the Pt deposition [99],
the properties of this junction can been discussed by means of the Schottky
model. It cannot be excluded that the rectifying properties may also result
from a Bardeen barrier due to a high concentration of surface states. This
will lead, as has been reported in literature [93, 98, 100], to a decrease of the
effective barrier height. Nevertheless, the principal conclusion will not change.
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7.2 Electrochemical polarization
SrTiO3 is known to exhibit a mixed conductance, after applying electrical stress
the total current is composed of an ionic contribution, due to the electromi-
gration of oxygen vacancies, and an electronic contribution. For simplification,
the ionic contribution was neglected in the previous section. To explain some
dynamic processes, for example the hysteric opening of the I(V)-curve dis-
played in the previous section in Fig. 34, the ionic contribution has be taken
into account. The investigated MIM-structure of Pt/STO(Fe)/Nb:STO can
therewith be regarded as a solid-electrolyte cell with blocking electrodes [101].
The presence of an ionic conduction is proved by analyzing the transient
current response to applied voltage steps. Fig. 35 shows in the upper part
the voltage signal applied and below the corresponding current signal of a
Pt/45nmSTO(Fe)/Nb:STO device. The voltage was switched from 0V to -1V
at t=0s, after 60s the voltage was set back to 0V and hold for 30s. Then, the
same procedure was performed with the opposite polarity.
Figure 35: Transient current response to applied voltage steps of a Pt/45nm
STO(Fe)/Nb:STO cell
By applying a negative pulse to the system, meaning negative bias to the
Pt, the Pt/STO(Fe) Schottky junction is biased in reverse direction and the
current shows a typical charging behavior, i. e., an exponential decrease of the
current with time. This current relaxation can be described by the empirical
Curie- von Schweidler law, I(t) ∝ t−α, whose physical origin is still under con-
troversial discussion [102, 92].
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Additional to this dielectric relaxation mechanism, a second effect has to
be taken into account. The current through the STO film during the bias pulse
is the sum of electronic and ionic currents (see equation (2.7)). By assuming
ion blocking electrodes which seems to be reasonable for this system, the frac-
tion of the ionic current during biasing decreases with time [103, 104]. This is
explained by an internal counterfield originating from the chemical gradient of
the charged oxygen vacancies within the cell.
To take both dielectric and electrochemical polarization effects into account
is justified by the work of Liu and Randall. They could show by “thermally
stimulated relaxation” experiments on Fe-doped STO samples [105, 106] that
the voltage induced polarization exhibited three contributions which could be
identified to be the polarization of dipoles, traps and oxygen vacancies.
If the applied bias is set back to 0V a typical depolarization current can
be detected. The cell provides a small current with opposite polarity to that
measured before. This relaxation current will be dominated by the dielectric
relaxation.
A positive bias, forward direction of the Schottky contact, leads in con-
trast to a steady increase of the current which cannot be described by the
Curie- von Schweidler law. This behavior may result from a slight degrada-
tion of the resistance [96]. Due to the fact that after several pulse sequences
no dramatical resistance change shows up, one can conclude that oxygen is
only temporarily removed from the STO layer during the positive pulses. By
reversing the bias, the oxygen might be fed back to the system. A promising
candidate for the oxygen storage can be the sputtered Pt electrode. It has been
already reported that oxygen diffuses along Pt grain boundaries even at room
temperature [107, 108]. This effect, however, is only very weakly pronounced
and not considered to exhibit a significant impact with respect to the following
discussion.
These polarization effects will explain that within a quasistatic voltage
sweep, by using a sweeping time faster than the relaxation time, a hysteretic
opening in the I(V)-curve appears (compare Fig. 34, page 64).
The electrochemical polarization is now studied in more detail by applying
a triangular shaped current sweep on the cell. Current driven measurements
were performed to have better access to the amount of charge passing the de-
vices during a sweep; it has to be mentioned that voltage driven measurements
led to comparable effects. To study the dynamics of the electrochemical po-
larization it is not sufficient to measure with a quasistatic setup so that within
the scope of this work a setup for the dynamic characterization was build up
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(see section 3.4.2 and appendix A).
The following measurements were performed on samples with SrRuO3
(SRO) bottom electrodes and a STO(Fe) film thickness of 45nm. Since for
this study the negative branch of the V(I)-curves, which is dominated by
the Pt/STO(Fe) Schottky contact, will be discussed, a comparison between
samples with a SRO or Nb:STO bottom electrode can be made with good
reason.
Figure 36: V(I)-curves of a Pt/STO(Fe)/SRO sample measured with current-time
sweeps of different slopes dI/dt (left) and different amounts of injected charge (right)
The SrRuO3 electrode was always set to ground. The measurement of a
pristine pad shows a strongly non-linear V(I)-characteristic (Fig. 36) with rec-
tifying properties originating from the Schottky contact at the Pt/STO(Fe)
interface. The STO(Fe)/SRO interface instead exhibits, due to the deposition
condition, an ohmic character. A hysteretic opening of the V(I)-curves at both
polarities can be seen. This continuous hysteresis is much more pronounced
in the negative branch, so that attention is focused on the negative polarity.
The Schottky contact, biased in reverse direction (Pt(-)), leads to an enhanced
electrical field at the interface which supports the field driven ion diffusion and
explains the enlarged hysteretic effect. It has to be mentioned that the voltage
characteristic did not change after a high number of sweeps.
As shown in Fig. 36, the voltage follows the current up to its reversal point
and develops a hysteresis with larger voltages during sweeping back the current
to 0A. Since the resistance, measured at small signals, is comparable before
and after half of the sweep (0A→ Imin → 0A), the increase of the resistance is
only a dynamic effect. On the left side of Fig. 36, V(I)-curves measured with
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current-time sweeps with different slopes dI/dt are shown. It can be seen that
a more pronounced hysteresis results when dI/dt is decreased in the measure-
ment procedure. Furthermore, the shift of the saturation voltage is observed
which also depends on dI/dt. The lower the sweeping rate the more ions are
accumulated at the interfaces and therewith leading to an increase of the in-
ternal counterfield. By this, the enhanced opening of the V(I)-curves and the
higher saturation voltage can be explained.
The right graph of Fig. 36 compares two sweeps with the same amount of
charge injected but with different maximum current amplitudes. No correla-
tion could be found between the curves confirming that the amount of injected
charge is not simply the origin of the change in the hysteresis (see left plot of
Fig. 36) with changing slope dI/dt. Fig. 37 shows the results of some cur-
Figure 37: V(I)-curves of a Pt/STO(Fe)/SRO sample measured with a constant slope
of the current-time sweep but with different amplitudes (left); simplified sketch of the
electrochemical cell (right)
rent driven measurements which were performed using a constant slope for the
current-time sweep but adjusting different maximum current amplitudes. It
can be seen that the voltage always follows the current on the same branch up
to their respective reversal point. This means that ions are accumulated with
a constant rate. So one can conclude that these hysteretic effects are related
to an internal counter-field originating from the accumulation of oxygen ions
at the interface (sketch in Fig. 37).
If an external voltage is applied to this cell and if the electrodes block
the exchange of oxygen with the surrounding the ionic current through the
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cell proceeds until a virtual oxygen partial pressure ratio is established which
balances the external voltage by the corresponding emf (electromotive force)
voltage according to the Nernst law:
UNernst =
kT
4e
ln
(
panodicO2
pcathodicO2
)
(7.7)
Baiatu et al. [103] simulated the distribution of oxygen ions/vacancies
within an electrochemical cell consisting of SrTiO3 under DC bias stress. They
calculated the time dependent distribution of oxygen vacancies within a MIM
structure assuming ion blocking electrodes and elevated temperatures. Their
results, as shown in Fig. 38 (left), indicate the large chemical gradient which
is induced by electrical stressing and the consequential complicated field dis-
tribution within a biased cell.
Figure 38: Time evolution of the calculated oxygen vacancy distribution in SrTiO3
during DC-stress [103](left); influence of the oxygen partial pressure at RT on the V(I)-
characteristic of a Pt/STO(Fe)/Nb:STO cell (right)
The assumption of blocking electrodes for the Pt/STO(Fe)/Nb:STO cell
is justified by the small influence of the oxygen partial pressure on the V(I)-
characteristics. The resulting characteristics are shown on the right side of
Fig. 38. The oxygen partial pressure was changed from 10−2mbar down to
10−6mbar. A change of five orders of magnitude in the oxygen partial pressure
resulted only in a weak shift of the saturation voltage. Additionally, the hys-
teretic opening was only marginally influenced by the surrounding atmosphere.
If a system exhibits blocking electrodes no ionic currents are allowed to pass
the interfaces. However, the weak dependence of the V(I)-characteristics on
the oxygen partial pressure indicates that for the investigated system at least
a small fraction of the ions can pass the electrodes. The overall resistances
as well as the saturation voltages slightly decreased with decreasing oxygen
partial pressure which can be explained by a small net reduction of the sam-
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ple. On the other hand, the reproducibility of the sweeping curves indicates
that the oxygen is only temporarily removed from the system which can be
supported by the idea of an oxygen storage within the Pt electrode. Due to
the fact that, in case of a Nb:STO bottom electrode, the lower interface can
be regarded as ideal ion blocking, the temporarily loss of oxygen will predom-
inately take place at the top interface.
In conclusion, the Pt/STO(Fe)/(SRO or Nb:STO) structures can be de-
scribed in terms of an electrochemical cell which basically exhibits ion block-
ing contacts. The hysteretic effects observed during voltage or current sweeps
result from the buildup of an internal counterfield originating from the accu-
mulation of oxygen ions/vacancies at the interfaces.
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8 Electroforming of MIM-structures
To enable the resistive switching properties in SrTiO3 generally a forming pro-
cedure is needed. By applying thermal [38] or electrical stress [54, 34], the
conductivity of this band-gap insulator can be drastically increased due to
self-doping induced by the formation of oxygen vacancies. For a deeper under-
standing of the forming mechanism, the electrical properties of capacitor-like
structures of Fe-doped SrTiO3 were studied. All samples investigated here
were formed by electrical stress.
Whether the electroforming process ends up in the low resistance state
(LRS) or in the high resistance state (HRS) depends on many parameters.
The voltage amplitude and current compliance used during the formation pro-
cedure as well as the amplitude of the first switching sweep define whether the
formed device end up in the LRS or HRS. This will be discussed in chapter 9
later on in more detail.
This chapter is divided in two parts. The first one focuses on the electro-
formation of thick STO(Fe) films by a constant voltage applied to the device.
Several aspects like the exact location of the forming process within a MIM
structure (filamentary vs. homogeneous and bulk vs. interface) will be in-
vestigated. Additional experiments on formed samples will be discussed here
to get a deeper understanding of the underlying physical mechanism of the
electroforming process. For thin film samples it is often sufficient to just apply
quasistatic current or voltage sweeps to the systems to reach the formed state.
This will be discussed in the second part of this chapter.
8.1 DC-forming
This section discusses the degradation of STO(Fe) by applying a constant
voltage for a longer period of time. It is also possible to reduce the resis-
tance of this system by injecting a constant current for longer times. In case
of a current-driven degradation, the power consumption during the forming
procedure decreases in contrast to a voltage-driven one. This can be under-
stood by simply calculating the consumed power released to the system can
be written as P (t) = R(t) · I2, for a constant voltage driven process one gets
P (t) = U2/R(t). Due to the fact that the resistance of the system decreases
during the electroformation, the power consumption will decrease with time
in case of a current driven forming process, but increase with time in case of
voltage driven forming process. Since most of the power will be consumed by
Joule heating, the locally enhanced temperatures will support the degradation
phenomena which can be explained by an increase of the thermally activated
mobility of oxygen ion/vacancies. As a result of the positive feedback within a
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voltage controlled forming process, the time needed to degrade a MIM structure
can be drastically reduced. This observation is based upon experiences made
on the electroformation of STO single crystals. In case of a current controlled
procedure an additional problem showed up. The forming current has to be
chosen to be as small as possible in order to avoid that the resulting voltage
drop destroys the device by a dielectric breakdown. Since the electroformation
can be regarded as the reduction of STO a certain reduction potential has
to be overcome before this reaction starts (typically >1V applied to the STO
cell). To guaranty a sufficient high voltage drop over the sample during the
whole forming process the current has to be increased stepwise. This steady
tuning of the forming current makes a comparison of the forming process for
different devices somehow complicated so that the decision was made to form
all investigated devices by voltage control.
For this electroformation study Pt/STO(Fe)/Nb:STO devices with
STO(Fe) thicknesses larger than 300nm were investigated. The large film
thicknesses allow on the one hand a better comparability to single crystal
data and on the other hand the use of impedance spectroscopy to separate
between miscellaneous contributions to the device resistance.
A typical I(t)-forming curve of a device with a STO(Fe) thickness of 750nm
can be seen on the left side of Fig. 39. The junction was biased with +10V
at the Pt electrode, corresponding to the forward direction of the Pt/STO(Fe)
Schottky contact. During the first 25s, the current remains in the sub-nA
regime and increases just slightly and smoothly with time. After this initial
period, spike-like fluctuations of the current appear. This resistance fluctua-
tion can be attributed to the competing reduction and re-oxidation of filament
fragments within one or more filaments that are growing during the electro-
forming process. After 45s, a steep increase of the current occurs and the
current compliance, which was set to 100µA to prevent the sample from elec-
trical breakdown, is attained. As soon as the current reached the compliance,
the forming process was stopped because at this stage bipolar switching could
be observed.
For a quantitative comparison a collection of different forming curves are
plotted on the right side of Fig. 39. A constant voltage of +12V (at the
Pt electrode) was applied to several Pt/500nm STO(Fe)/Nb:STO junctions
on the same chip. This forward biasing of the Pt/STO(Fe) Schottky contact
leads at the beginning to currents in the sub-µA regime which increase only
slightly with time. After a sample-specific time, a strong decrease of the device
resistances by up to 6 orders of magnitude could be observed. Even though no
change of the experimental parameters was made, a huge variation of the time
when the current run into the compliance was found. Because of this drastic
spreading - even for junctions made of the same STO(Fe) film - no quantitative
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Figure 39: (left) I(t)-curve of a Pt/750nm STO(Fe)/Nb:STO by applying +10V to the
Pt; (right) collection of forming curves of MIM structures under +12V stress, STO(Fe)
thickness: 500nm
investigations (e.g. the thickness dependence of the forming time) were made.
However, the usually much higher voltage requirements (10V up to >100V)
and the longer times needed to degrade single crystals clearly indicate that the
forming conditions are somehow related to the sample thickness.
The huge spread within the thin film samples hints to the strong influence of
microscopic defects to the macroscopic electrical properties. Additionally, the
complicated field distribution within a MIM structure during DC stress [103]
as well as the lateral inhomogeneity of the conductance found by LC-AFM
measurements demonstrate the complex nature of the electrical transport phe-
nomena within MIM-structures.
By biasing the junction with opposite polarity [Pt(-)], corresponding to the
reverse direction of the Schottky contact, no degradation could be observed.
Resulting from the low concentration of oxygen ions/vacancies within Nb:STO,
which is well known from point defect chemistry studies, there is no possibility
to “push” oxygen through the STO(Fe)/Nb:STO interface and thus to start
the reduction process.
Filamentary vs. homogeneous effect
LC-AFM measurements, as shown in chapter 6, clearly indicated the local na-
ture of the conduction. A simple one-to-one comparison between the LC-AFM
results and the results obtained with macroscopic metal electrodes cannot be
made. This can be easily understood by regarding the results of a Finite Ele-
ment Analysis (FEA) simulation (see Fig. 40). The magnitude of the electric
field within the insulator was calculated for an ideal MIM-structure and for the
typical LC-AFM geometry. For the electrostatic calculation the bias applied
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between the top electrode (TE) and the bottom electrode (BE) was chosen to
be 0.5V. For the permittivity of the 45nm thin insulating layer a value r=300
was chosen which is a value reported in literature as the room temperature
permittivity of STO [109]. The lower graphs in Fig. 40 present line scans
of the magnitude of the electric field along a horizontal line 0.5nm below the
TE/insulator contact plane. The enhanced field under the AFM-tip as well as
the field enhancement at the edge of a macroscopic electrode become obvious.
During an AFM measurement the biased tip is moved over the STO surface so
that each position on the scanned surface “sees” the enhanced electrical field
below the AFM tip. This is not comparable to measurements with a macro-
scopic metal electrode where the enhanced fields exist predominantly at the
electrode edges (e.g. Fig. 40 or [110]).
Figure 40: Electrostatic FEA simulation of the voltage distribution within an insulator
(r=300) below a biased AFM-tip (rtip=20nm) and a macroscopic metal electrode.
Regions exhibiting an equal magnitude of the electric field are marked with white lines.
The enhanced field below the AFM-tip as well the field enhancement at the edge of a
macroscopic electrode can be seen in the lower plots (line scan 0.5nm below the contact
plane along the x-axis).
To prove whether the forming process in macroscopic MIM struc-
tures exhibits a local nature, a simple experiment was performed. A
Pt/STO(Fe)/Nb:STO stack was prepared and structured to MIM-junctions
with top electrode diameters of 200µm. First it was checked if an ultrasonic
wire bonding procedure on an electrode causes any mechanical damages to
the device. Precautionary the thickness of the Pt top electrodes was chosen to
200nm and the settings of the bonder were tuned to weaker contact forces and
smaller ultrasonic energies. The electrical properties of a single junction were
compared before and after the bonding process and equal electrical properties
were found. Since any effects from the bonding process can be excluded, two
top electrodes were connected using the wire bonder and a thin Al wire.
After connecting the two top electrodes, a probe needle was used to bias
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the whole “segmented” top electrode against the bottom electrode. Impedance
spectroscopy was performed before and after the forming process to determine
the resistance of the junction. The left sketch in Fig. 41 shows the electrical
configuration during the forming process. In the lower part of the figure the
frequency dependence of Z ′ before and after the degradation can be seen. By
fitting these data the DC resistance RDC (ω → 0Hz) can be determined. Be-
fore applying electrical stress, the junction resistance is beyond 10GΩ, after
the forming process a decrease by a factor of nearly 105 to a RDC value of 3MΩ
could be measured.
Figure 41: Electroformation of a segmented electrode on a 500nm thick STO(Fe) film
(Vform=+5V); The Bode plots of Re(Z) shown on the left side represent the properties
of the connected pads before and after the forming procedure. The right side displays
the Re(Z), Z ′, for each pad after the separation.
Afterwards, the connection between the two Pt pads was cut and the resis-
tance of each part was measured against the bottom electrode. As one can see
on the right side of Fig. 41 the resulting RDC obviously vary for both pads.
One pad shows a huge resistance in the GΩ range which is comparable to the
value determined for the unformed state of the connected junctions. The other
pad reveals a RDC of 3MΩ which is equal to the value determined for the con-
nected junctions after forming. This is a proof that the electroforming process
is a local phenomena and that at least 50% of the junction area is not signifi-
cantly contributing to the electrical current in the electroformed state. Similar
results were found for a Pt/TiO2 MIM system in a comparable experiment [35].
EBIC measurements [111] on Pt/SrZrO3/SRO structures have also shown that
confined conduction path exist below the metal electrode. Unfortunately, no
statement can be made concerning the exact conductive area below a metal
electrode in the present case.
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Bulk vs. interface effect
The confirmation of the local nature of the enhanced conductivity within
formed MIM-structures lead to a second important question concerning the
forming and switching phenomena: Does this effect occur in the vicinity of the
electrode or within the bulk of the switching material?
To answer this question mainly lateral MIM-structures were investi-
gated by several groups. A group at the IBM laboratories used for their
studies, for instance, x-ray absorption spectroscopy or thermal imaging
on lateral Pt/STO(Cr)/Pt structures [34, 53]. A different approach was
followed by Williams et al.. They investigated the electrical properties of
metal/TiO2/metal structures by the electrical characterization using a four
electrode geometry [35]. Both groups found the dominant influence of the
interfaces on the electroformation and switching effect.
To close the link between capacitive and lateral MIM-structures, the im-
pact of the electroformation on the bulk and interface contributions to the
resistance was studied by impedance spectroscopy within capacitor-like struc-
tures. Therefore the impedance spectrum of a Pt/(750nm)STO(Fe)/Nb:STO
sample in the pristine, unformed state, was measured. Since the width of the
STO(Fe) film is larger than the depletion layer width, which was determined
to be roughly 200nm (e.g. section 7.1), two contributions to the complex
impedance should be found. The corresponding Cole-Cole plot and the equiv-
alent circuit which is proposed to fit the data are shown in Fig. 42 and in
the inset i), respectively. The series inductance of the leads as well as the
series resistance of the Nb:STO bottom electrode were taken into account for
fitting the equivalent circuit models but are not depicted in the diagrams. The
impedance spectra of the STO(Fe) film can be perfectly described by two Voigt
elements resulting from the bulk and the depletion layer properties [71].
By means of measurements with an atomic force microscope equipped with
a conducting tip the filamentary conduction of the STO(Fe) thin films could
be proved (see chapter 6). Additionally, the results of the forming experiments
with the “segmented” top electrode (shown on page 77) lead to the conclusion
that the bulk related contribution to the impedance of the thick films has to
be described by conducting filaments in a more or less insulating matrix. The
bulk related Voigt element should therefore exhibit two different resistances in
parallel to account for the conductance inhomogeneity. Unfortunately, there is
no possibility to divide between both resistances by impedance measurements,
since the bulk conductivity 1/Rbulk will be dominated by the conductivity of
the filaments and can be written as
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1
Rbulk
=
1
Rmatrix
+
1
Rfilament
(8.1)
Unlike to samples with a low initial resistance which typically do not need
a powerful DC forming treatment [61, 62], the investigated devices with Pt
electrodes require an electroforming step to set the sample to a low resistance
state. The impedance analysis implies that the overall resistance is dominated
by the depletion layer resulting from the Schottky contact at the Pt/STO(Fe)
interface.
Figure 42: (left) Impedance spectra of a Pt/STO(Fe)/Nb:STO MIM-structure be-
fore and after a DC-forming process. The equivalent circuits used for fitting are dis-
played in the inset for (i) the unformed case with Rfilament=7.3MΩ, Cbulk=277pF,
Rdepl=17.9GΩ and Cdepl=914pF and for (ii) the formed case with Rfilament=10.7MΩ
and Cbulk=273pF. (right) Related I-t curve during electroforming recorded after apply-
ing +10 V to the Pt top electrode.
To electroform the device, a DC voltage of +10V was applied to the Pt
electrode, corresponding to the forward direction of the Schottky contact. The
resulting current-time (I-t) curve is shown in Fig. 42. As already described
previously, the current increases with time exhibiting spike-like fluctuations
until the current reached the compliance (set to 100µA). Based on previous
experience with the electroforming process, bipolar switching can be observed
at this stage so that the forming procedure was stopped immediately.
The result of the impedance measurements on the formed pad can be seen
in Fig. 42 and can be described using the equivalent circuit displayed in the
inset ii). The most significant change in the spectrum of a formed sample is
that only one Voigt element is needed to fit the data. As the values for the
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resistance and the capacitance are comparable to the values obtained for the
bulk related Voigt element in the unformed state, the Voigt element can be
attributed to the bulk contribution.
In order to understand these experimental observations, we have to con-
sider that electroforming removes oxygen ions from the STO lattice which
becomes evident due to the appearance of gas bubbles under the anode [15].
By applying a positive voltage to the top electrode oxygen ions migrate along
extended defects towards the top interface and are released to the surround-
ing [108]. In contrast to STO single crystals, where a virtual cathode moves
towards the anode until a conductive path is established during the forming
procedure [103], the present as-deposited thin films already contain preformed
conducting paths as a result of the reducing deposition conditions. Since the
overall resistance in the unformed case is dominated by the depletion layer,
most of the applied voltage drops in the vicinity of the top interface. Tak-
ing into account that the movement of oxygen ions is a field-driven process,
one can conclude that the electroforming process most likely removes oxygen
directly next to the top interface where the electrical field is strongly enhanced.
Figure 43: Model for the electroforming process and the local bypassing of the Schot-
tky depletion layer
Due to the donor character of oxygen vacancies a significant reduction of
the effective Schottky barrier height and of the depletion layer width at the
Pt/STO(Fe) interface can be expected (e.g. Fig. 43). Ab-initio calculations
predict that the creation of oxygen vacancies will create additional states within
the bandgap next to the bottom of the conduction band [15, 112]. The result-
ing shift of the Fermi level can lead in extreme cases, meaning strong reducing
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conditions, to an insulator metal transition. Under ambient conditions the
electroformation usually leads to a highly donor doped STO system with a
thermally activated current (e.g. band scheme depicted in Fig. 43).
The Schottky contact results, due to the difference of the work functions
between Pt and STO (φSTO = χSTO − (ECB − EF ) < φPt), in a space charge
layer in STO which builds up at the interface. The width of this space charge
region (or depletion region) strongly depends on the doping concentration, as
already shown in section 7.1, equation (7.2). Since the electroformation in-
creases the doping level, the width of the depletion layer shrinks dramatically.
For extremely thin depletion layers, charge carriers can be injected from the
semiconductor to the metal or vice versa by quantum mechanical tunneling
through the potential barrier instead of by a thermionic emission process. It
is well known that the tunneling based injection mechanism is responsible for
most ohmic contacts. The transition of a Schottky contact to an Ohmic contact
is in agreement with the voltage-induced elimination of the Schottky barrier
observed at the interface between Pt electrodes and TiO2 single crystal [113].
The localized bypassing of the Schottky depletion layer explains the van-
ishing of the complete contribution of the depletion layer to the impedance and
also that the bulk properties are not significantly changed during the forming
procedure. To confirm this statement reference samples with Ti top electrodes
providing an ohmic contact were prepared. As expected, the impedance spectra
exhibited only the bulk contribution. A much shorter or for some devices even
no electroforming process was necessary to achieve bipolar resistive switching.
Retention of the formed state
To get a more detailed picture of the forming phenomena additional experi-
ments were made on formed samples. For this study samples with a STO(Fe)
thickness of 500nm with Pt top electrodes and Nb:STO bottom electrodes
were used. All MIM devices underwent a forming procedure, as described be-
fore, to set them to the LRS. Afterwards, the frequency dependent impedance
was measured resulting in spectra originating only from the bulk contribution.
The formed samples were stored at room temperature and under ambient gas
atmosphere for 30 hours. During that time impedance spectroscopy was peri-
odically performed every three hours.
The resulting Cole-Cole plots can be seen in Fig. 44 and have been fitted in
particular by only one Voigt element. For all spectra the capacitance could be
determined to 280pF without any time dependence. However, the resistance,
which was around 5kΩ immediately after forming, clearly increased by nearly
two orders of magnitude during 30 hours to a value of about 500kΩ. The time
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dependence of the resistance is plotted on the right side of Fig. 44. The clear
slowdown of the resistance drift is obvious.
Figure 44: (left) Cole-Cole plots of a formed Pt/STO(Fe)/Nb:STO device after time
steps of 3h; (right) Time dependence of the LRS extracted from the impedance spectra
To explain this drift we have to keep in mind that during the electro-
forming procedure a chemical gradient in the oxygen vacancy concentration
was induced which is supposed to re-equilibrate after releasing the electri-
cal stress. Due to the slowdown of the resistance drift and the absence of
the depletion layer contribution the drift is attributed to an internal relax-
ation/redistribution of oxygen ions/vacancies. In the first view, this drift
makes it unlikely to use this material for a memory device. However, the
resistance drift towards larger values will not finally lead to the HRS. This
drift can be avoided by the use of thin film samples which typically need only
a short or no forming process [62, 61].
Thermal stability
Since the drift of the resistance at room temperature seems to be an internal
process, annealing experiments were performed to clarify at which temperature
an oxygen exchange with the surrounding atmosphere can take place. There-
fore, a formed sample was subjected to some moderate thermal stress. The
frequency dependent impedance was measured at temperatures between room
temperature and 140◦C, starting at room temperature. A time delay of 20min
was kept for each temperature to set the sample into thermal equilibrium.
In Fig. 45 the results of the impedance study are displayed in terms of
Cole-Cole plots and Bode plots of Z ′ and the phase, respectively. Both the
spectrum taken at room temperature and the 70◦C spectra can be fitted with
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Figure 45: (left) Cole-Cole plots of Pt/STO(Fe)/Nb:STO at different temperatures
after an initial forming at room temperature; (right) corresponding Bode plots of Z ′
and the phase
one Voigt element and can be related to the bulk properties. Since the electri-
cal conduction of STO is thermally activated, the resistance should decrease
with increasing temperature which is, however, not the case. An increase from
10kΩ at RT to 400kΩ at 70◦C could be determined and will be attributed
to an internal redistribution of oxygen ion/vacancies like in the previous ex-
periment. Since no drift of the resistance during the measurement (duration
around 20min) at 70◦C was detected it seems that the sample had achieved its
equilibrium state. Looking now at the Cole-Cole spectrum taken at 100◦C an
increase of the device resistance by a factor of two is noticeable. In contrast
to the measurement performed at 70◦C, the 100◦C spectra indicates, because
of the abnormal drift of Z ′ at low frequencies (see Cole-Cole plot in Fig. 45),
that the sample has not achieved a stable state. The assumption that an inter-
nal re-equilibration should proceed faster at elevated temperatures indicates
that an additional mechanism at 100◦C shows up. A further increase of the
temperature to 140◦C led to a drastically increase of the device resistance (at
ω → 0) from the sub-MΩ range to a resistance beyond 10GΩ. This huge in-
crease was accompanied by the appearance of an additional contribution to
the impedance. This becomes obvious by regarding the frequency dependence
of the impedance phase (e.g. Fig. 45). Measurements at temperatures below
100◦C reveal only one relaxation step in the frequency dependent phase. How-
ever, the spectrum taken at 140◦C reveals an additional relaxation step which
can be attributed to the total recovery of the depletion layer. A comparison
of the 140◦C spectrum with the spectrum of the unformed device supports
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the idea of a thermal healing of the Schottky depletion layer. Whether this
healing originates from an internal redistribution and/or a reoxidation from
the surrounding atmosphere will be investigated in detail by a supplemental
experiment.
It has to be mentioned that a reference measurement was performed to ex-
clude that the second contribution within the impedance spectrum is related
to an oxidation of the aluminum wire used to contact the bottom electrode.
Each sample was always contacted at two different positions to the bottom
electrode so that an electrical characterization of the aluminum contacts could
be made.
Oxygen partial pressure dependence
To clarify if a formed device enables oxygen exchange with the surrounding
atmosphere at moderate temperatures, experiments under defined gas atmo-
spheres were made. A typical MIM-structure consisting of a 500nm thin
STO(Fe) layer was electroformed in the usual way. The resistance of the de-
vice was measured by applying VDC=10mV and was recorded as a function of
time. As is sketched in Fig. 46, the sample was mounted within a chamber on
a hotplate. The gas atmosphere in the chamber could be adjusted by applying
a constant gas flow of Ar/H2 or O2, respectively. A rough estimation (volume
of the chamber (300ml) divided by the gas flow (50ml/min)) showed that the
time needed for a total gas exchange was about 6min.
Heating up of the sample from room temperature to 175◦C was done under
a reducing atmosphere of Ar/H2. Before starting the experiment, the chamber
was purged with Ar/H2 for one hour. The recorded resistance can be seen in
the left graph of Fig. 46. After the forming procedure the device resistance
was about 1.15MΩ and decreased within the first 4 minutes during the heat
up. This is typical in case of a thermally activated conduction mechanism.
However, when the temperature rose above 110◦C (after ≈ 4min) the resis-
tance increased with time to 2.3MΩ. Since no oxygen is supported from the
reducing atmosphere an internal redistribution must be the origin for the re-
sistance increase.
Since the mobility of oxygen vacancies increases exponentially with the
temperature the fast relaxation (several minutes) at 175◦C will be attributed
to the relaxation effect at RT shown before on page 82 in Fig. 44 (several
hours). Due to the fact that the forming procedure for this annealed sample
was stopped before a complete degradation took place, the initial resistance
was larger compared to a completely formed device. Therewith, the internal
redistribution does not show the same dramatic influence on the resistance.
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After the internal gradient in oxygen vacancy concentration was reduced
the sample reached a steady state. At this stage (ca. 50min) the gas atmo-
sphere was changed from Ar/H2 to O2. The lower right graph of Fig. 46
displays the resistance recorded during the gas change. Under Ar/H2 atmo-
sphere the device resistance at 175◦C was determined to be 2.3MΩ and showed
no time dependence. The exchange of the gas atmosphere (Ar/H2 → O2) re-
sulted in a drastic increase of the resistance by nearly two orders of magnitude
within a few minutes. Furthermore, a slower steady increase of the resistance
over the whole recorded time (5h) was noticeable as can be seen in the upper
right graph in Fig. 46.
Figure 46: Influence of the gas atmosphere to the device resistance on a formed
Pt/(500nm)STO(Fe)/Nb:STO stack at 175◦C
This strong influence of oxygen on the device resistance shows that the
Pt/STO(Fe)/Nb:STO device allows a gas exchange with the surrounding at-
mosphere at 175◦C. Additionally, the result proofs that electroforming removes
oxygen from the SrTiO3. The reoxidation of the MIM structure preferentially
takes place at the upper interface and will therefore lead at the beginning to an
increased oxygen content below the Pt electrode thus restoring the Schottky
depletion layer. Since the overall resistance of a Pt/STO(Fe)/Nb:STO device
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is dominated by the Schottky depletion layer the fast increase of the resistance
can be attributed to this effect. The slower increase after longer times seems
thus to result from reoxidation effects occurring deeper within the STO layer.
Simulation results
To check whether the mobility of oxygen vacancies at these moderate tem-
peratures is sufficiently high to allow diffusion distances of a few hundred
nanometers within reasonable times, some simplified simulations were made.
Since SrTiO3 is well studied at higher temperatures in terms of point defect
chemistry, the activation energy for the diffusion of oxygen vacancies is known
[114, 103, 101, 115]. The determined values of the activation energy vary be-
tween ∼0.86eV and ∼1.005eV.
An extrapolation of the high-temperature values to lower temperatures
allows us to calculate the chemical diffusion of oxygen within SrTiO3 by using
Fick’s second law (one-dimensional case):
∂c
∂t
= D
[
∂2c
∂x2
]
(8.2)
As shown in the sketch of Fig. 47, the concentration of oxygen vacancies
is calculated at several points along the x axis corresponding to the depths
within the STO layer. An infinite reservoir of oxygen at x=0 and a constant
amount of oxygen vacancies within the STO were chosen as start values. By
using these boundary conditions, the differential equation can be analytically
solved:
c (x, t) = c0
2√
pi
x∫
∞
x√
4Dt
exp
(−t2) dt (8.3)
with the Einstein relation
DVO¨ =
µVO¨kBT
q
(8.4)
and
µVO¨ (T ) ∝
1
T
exp
(−EA,VO¨
kBT
)
(8.5)
where c0 is the initial concentration; DVO¨ the diffusion coefficient; µVO¨ the mo-
bility and EA,VO¨ the activation energy
Note that the self diffusion coefficient DVO¨ is the lower limit for the consid-
ered case of chemical diffusion of oxygen in STO (DO′′i /VO¨
< Dδ < Dh./e′ )[104]
and that the diffusion coefficient in non-ideal systems exhibits a much more
complicated behavior [116]. Nevertheless, a comparison between the calcu-
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lated distribution of oxygen vacancies within a single crystal and experimental
results [116, 52, 117] (see Fig. 47) indicates that the simplifications made are
acceptable and that the simulated results are reasonable.
Figure 47: Comparison between a calculated oxygen vacancy distribution within
a STO single crystal and experimental results measured by absorption spectroscopy
[116]; calculation parameters: EA,VO¨= 1.005eV, µVO¨= 6.13·10−10m2V −1s−1, DVO¨=
2.12·10−11m2s−1 at T=803K
According to the annealing experiment a 500nm thin STO layer at 175◦C
was simulated as described before (parameters used: EA,VO¨= 1.005eV, µVO¨=
1.10·10−14m2V −1s−1, DVO¨= 2.13·10−16m2s−1 at T=448K). From the resulting
oxygen vacancy distribution a penetration depth 6 for oxygen can be deduced.
The penetration depth is plotted against time in Fig. 48.
This plot clearly shows that within several minutes oxygen can diffuse at
175C through 500nm STO. For this estimation the slow ionic diffusion co-
efficient and no fast diffusion paths, like extendend defects, were taken into
account. Furthermore, the highest activation energy, which was found in lit-
erature (EA,VO¨= 1.005eV), for the hopping transport of oxygen vacancies was
used for the calculation so that the resulting values can be regarded as the lower
limit for the ion migration. This “worst-case” scenario validates the assump-
tion of a reoxidation of the thin films, investigated in the previous experiments.
6The penetration depth is defined as the depth where the initial concentration falls to
1/e (ca. 37%).
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Figure 48: Calculated penetration depth of oxygen within SrTiO3 at 175◦C
8.2 Forming by sweeping
As already mentioned, thin film samples or samples which reveal a low initial
resistance do not need a long and powerful forming procedure. A different
approach to form thin films is the use of voltage or current signals for the
electroforming process which are similar to those used to examine the resistive
switching effects. Within this section forming by a triangular current signal as
well as by a quasistatic voltage sweep will be discussed.
The sample structures for these investigations are 45nm thin films of
STO(Fe) grown on a SrRuO3 bottom electrode. Pt dots were deposited as top
electrodes to complete the MIM structure. For film thicknesses below 200nm
the complete STO(Fe) film will be depleted by the Schottky contact and due
to the geometrical dimensions the band structure can be regarded as a flat
level case [97, 118].
Current driven:
In this case, a triangular shaped current signal with an amplitude of 1mA and a
frequency of 1Hz was applied to an as-fabricated Pt/SrTiO3(1at%Fe)/SrRuO3
structure and the evolution of the corresponding voltage signal was measured
during 40 cycles. A selection of the resulting V(I)-curves are displayed in
Fig. 49. A typical V(I)-curve, which was recorded during the first cycles, is
displayed in red colour. It shows a strong non-linear shape with a hysteresis
for both polarities. Since the voltage approaches the compliance of +10V
in the positive branch, the hysteresis is not well pronounced in the positive
branch. The hysteretic effect in unformed samples originates, as described in
section 7.2, from an internal movement of ions.
The form of the V(I)-curve completely changes after several cycles as is
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depicted in Fig. 49. In the positive branch, some discontinuous behavior (dis-
played in blue) emerges. The voltage drops abruptly below the compliance
level and shows a noisy characteristic during the remaining positive sweep
with a decreased resistance (see blue curve in Fig. 49). In contrary, the hys-
teresis along the negative branch remains nearly unchanged during this stage
of forming. After several current sweeps, there is a sudden voltage drop in
the positive branch and a different type of V(I)-characteristics (displayed in
black) is established. A full current sweep gives rise to two separated and
stable voltage branches. This type of V(I)-curve can be explained by an elec-
trically induced local metal to insulator transition which results in an abrupt
non-volatile change of the electrical resistance of the sample with a Roff/Ron
ratio of up to five.
Figure 49: Evolution of the V(I)-characteristic during the sweeping with a constant
frequency triangular current signal
As shown in section 7.2, the Pt/STO(Fe) interface seems to allow the re-
lease of a small number of oxygen under positive voltage stress which can lead
to a steady loss of oxygen during sweeping. After several cycles, this self re-
duction can lead to a decrease of the effective Schottky barrier at the Pt/STO
interface so that following bipolar switching can be observed.
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Voltage driven:
It is also possible to form thin film devices by applying quasistatic voltage
sweeps (sweep sequence: 0V → Vmax → Vmin → 0V). In Fig. 50 the resulting
I(V)-characteristics measured on two Ti/500nmSTO(Fe)/SRO junctions are
shown. Initially both devices exhibited a high initial resistance which can be
extracted from the first I(V)-sweep, depicted in red. During this first sweep,
called forming sweep, the resistance of the devices changed step-like. In the
left graph the current step occurred after the negative voltage overcame -1.5V.
The junction on the right side finished its forming process by a current jump
on the positive branch (+6V) of the sweep. In both cases these jumps end
up in the low resistance state (LRS) of a bipolar switching curve. After this
first forming sweep, both devices showed stable switching characteristics over
several cycles. It is interesting that the polarities of both switching curves
are independent of the polarity at which the forming took place. This will be
explained in more detail in the next chapter.
Figure 50: Electroforming of Ti/STO(Fe)/SRO junctions by quasistatic voltage
sweeps
The physical explanation for this abrupt current increase follows the same
idea as in the previously discussed case (current driven sweeping). During the
sweep a steady loss of oxygen takes place until the device resistance drastically
decreases and resistive switching can show up. In contrast to devices prepared
on Nb:STO, the SRO devices open the possibility of an oxygen transfer also
through the bottom interface [119] which explains that the electroforming for
both voltage polarities could be observed. Finally, it has to be mentioned that
a similar behavior could also be observed for Pt/STO(Fe)/SRO devices.
The only differences observed between the electroformation performed by
current or voltage sweeps was that a less number of sweeps was needed in the
voltage controlled case. This can be understood by the positive feedback of
the power dissipation during the voltage controlled forming process which was
already mentioned in this chapter on page 73.
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9 Resistive Switching of MIM-structures
This chapter focuses on the bipolar resistive switching effect which can be
found in formed MIM-devices. Dependent on the applied bias and the current
compliance set during the electroformation, the device can be found afterwards
in a high resistance state (HRS) or a low resistance state (LRS). Nevertheless
by applying negative voltage to the top electrode, which is the opposite polar-
ity of the forming voltage, a resistance change can be achieved.
Figure 51: Different polarity of switching curves depending on the voltage ampli-
tude applied. The Pt/500nm STO(Fe)/Nb:STO device was previously formed by a DC
forming step (+7V applied to Pt).
Generally, neither the switching voltages/currents nor the shape of the
switching curves vary significantly with the film thickness. Therefore, a com-
parison of switching curves measured on devices with different film thicknesses
can be made with good reason. As a result of the gained experience, the elec-
troforming step for thicker films can be performed easier thus most of the inves-
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tigated MIM-structures exhibited film thicknesses >200nm. For thin film sam-
ples (<200nm), the step-like current increase is less pronounced which makes it
difficult to define the actual status of the device (Unformed↔ formed). In the
previous section (see section 8.1, page 77), the lateral confined nature of the
electroforming process has been shown. According to this, it seems reasonable
that the resistive switching after a successful forming process will exhibit local
nature, too.
By regarding the polarity of the switching effect within single crystals, it is
supposed that the active electrode (switching electrode) will be selected within
a symmetrical system by the polarity of the forming process. The active elec-
trode will be the electrode which acted as the anode during the electroforming
process. For thin film samples, however, the active electrode can also be cho-
sen and changed after the forming process by a simple quasistatic sweep of the
voltage which can be explained by the enhanced electric fields as result of the
thin film geometry.
This effect will be demonstrated for a formed Pt/STO(Fe)/Nb:STO device
and can be seen in Fig. 51. The device with a STO(Fe) thickness of 500nm
was previously formed by applying a positive bias of +7V to the Pt electrode.
The first resistance change happens by sweeping the voltage to negative val-
ues. Dependent on the amplitude, the device resistance can be in- or decreased
within this sweep. In case of a negative amplitude of -3.5V the device resis-
tance increases during the negative sweep (black curve). But if the applied
voltage sweep does not exceed a value of -2.4V a decrease of the resistance
(red curve) was observed. The positive amplitude was fixed to +2.8V for both
switching curves. Thus, in this case, only the negative amplitude defines the
polarity of the switching curves. If the negative amplitude was fixed, for in-
stance to -2.4V, and only the positive amplitude was varied, here from +2.8V
to +1.45V, similar behavior could be observed on the positive branch. Depen-
dent on the positive amplitude, the polarity of the measured switching curves
could be turned (red and green curves). Repeatable switching between all
three resistive switching curves could be achieved without a significant change
of the I(V)-characteristics.
In order to understand these measured effects, at least the change of the
active interface during the voltage sweeps has to be taken into account. The
I(V)-characteristics shown as green and red curves in Fig. 51 will be attributed
to the oxygen related opening and closing of conducting channels at different
interfaces and follows mainly the model of Szot et al. [15]. An exact allocation
of the switching process will be made later on. The black curve, which had
the highest resistances of all measured curves, will be explained by a different
effect. The idea of Strukov et al. [88] of an internal redistribution of mobile
dopants, which leads to a p-n doping profile within the device, will be modified
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and used to explain this type of switching characteristic.
Even though the exact microscopic mechanisms for bipolar resistive switch-
ing in these oxides are still under controversial discussion, there exists a general
agreement that the migration of oxygen ions/vacancies under an applied elec-
tric field plays a key role. The low mobility of oxygen vacancies at room tem-
perature is, on the first view, in contrast to the fast switching times achieved for
STO devices (tswitch < µs, see page 118 and [55]). Therefore the field induced
movement of oxygen vacancies will be calculated by using some simplifications.
An electric field accelerates a charged particle until it reaches a constant
drift velocity vd according to the formula:
vd = µ · E (9.1)
with µ mobility of the charged particle; E electric field
By neglecting the acceleration time and assuming a homogeneous field dis-
tribution, like in an ideal capacitive structure, a transfer time for oxygen va-
cancies within STO can be estimated by:
ttransfer(x) =
x2
µVO¨ (T ) · V
(9.2)
The calculated results for two different STO thicknesses (x) and four dif-
ferent temperatures (T ) can be found in table 2. For the calculation of the VO¨
mobility (see section 8.1, equation (8.5)) an activation energy of 1.005eV was
chosen, which was also used for the previous calculations (see section 8.1).
300K 350K 400K 500K
10nm 20min 5s 90ms 300µs
100nm 32h 9min 9s 34ms
Table 2: Calculated transfer times of oxygen vacancies by an electric field for two
different STO thicknesses (bias: 2V)
Although the exact traveling distance needed to switch between the resis-
tive states is unknown and although the possible existence of fast diffusion
paths for oxygen vacancies has been ignored, reasonable times can be ex-
tracted by assuming local joule heating effects. Furthermore, the enhanced
electric fields within thin film devices may also lead to nonlinear diffusion ef-
fects which will result in a drastical acceleration of the diffusion processes as
reported by Strukov et al. [120]
In the following sections, the two different switching effects (interface 1 &
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2 or internal redistribution of mobile dopants) will be studied separately in
more detail. The first section attends to the “interface related switching”, the
second one focuses on the internal switching effect which will be called “bulk
related switching”.
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9.1 Interface related switching
The electroforming process in case of single crystals leads to the growth of a
virtual cathode which will define the active electrode and therewith the polarity
of the resistive switching. Within the investigated thin film samples, however,
the electroforming is, as a result of the reducing deposition conditions, only
needed to bypass locally the Pt/STO(Fe) Schottky contact. This bypassing
allows - by applying a bias to the formed device - a homogeneous voltage drop
over the whole switching layer7. As a result, both interfaces (Pt/STO(Fe) and
STO(Fe)/Nb:STO) can be regarded, in terms of the voltage drop, as equal,
which opens the possibility to define the active (or switching) interface by ad-
justing the amplitudes of the voltage sweep. Thus, in case of the interface
related switching effect, both switching polarities can be observed dependent
on the active interface.
Figure 52: Example of an interface related switching curve of a formed Pt/500nm
STO(Fe)/Nb:STO junction
Samples prepared with Ti top electrodes needed only a short or even no
electroforming step to achieve resistive switching. Concerning the shape as
well as the different polarities of the switching curves, no principal differences
showed up compared to formed Pt devices. However, one difference could be
noticed by regarding the stability of the switching curves. The use of an oxidiz-
able electrode like Ti improved the stability of the resistive states. A detailed
explanation for this effect will be given later on within this section on page
108 where a model for the switching phenomena will be introduced.
7In case of a Schottky contact most of the applied bias will drop in the vicinity of the
interface.
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In Fig. 52 a typical switching curve for the interface related switching is
shown. This curve corresponds to the red curve shown in Fig. 51. A posi-
tive bias at the Pt electrode leads to a resistance increase. By following the
switching model of Szot et al. (see section 2.1), the oxygen related opening and
closing of the conducting channels takes place at the Pt/STO(Fe) interface and
is responsible for the resistance change of the device. The STO(Fe)/Nb:STO
interface instead stays inactive during the switching sweeps.
Interface related switching: Impedance studies
In section 8.1, the impact of the electroforming on the frequency dependent
impedance of Pt/STO(Fe)/Nb:STO devices was shown. Impedance spectra of
formed devices could be described by a single bulk related contribution. The
Pt/750nm STO(Fe)/Nb:STO device was previously formed by applying a DC
bias of +10V to the Pt electrode. One typical switching behavior of such a
type of sample can be seen in the I(V)-curve of Fig. 53 which corresponds to
the green curves shown in Fig. 51. The switching of the device to the high
resistance state (HRS) was achieved by applying a voltage sweep from 0V to
-2.5V and back to 0V. In this branch of the I(V)-characteristic, a negative
differential resistance arises during sweeping up to -2.5V which is a sufficient
condition [9] for bipolar resistive switching. After finishing the negative sweep,
the resistance measured at 50mV increased almost by a factor of 60.
Figure 53: (left) Impedance spectra of a Pt/750nm STO(Fe)/Nb:STO MIM-structure
in two different resistive states. The corresponding equivalent circuit is depicted in the
inset; (right) The I(V)-curve shows a typical bipolar resistive switching hysteresis of the
device.
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For a further investigation of the resistive states, impedance spectroscopy
was performed on the LRS and HRS state. These states were set by positive
or negative voltage sweeps. The corresponding Cole-Cole plots, shown in Fig.
53, can be described by using equivalent circuits consisting of only one Voigt
element. A comparison of the fitted values showed that the device capacitance
in both states (LRS: 284pF; HRS: 265pF) remained nearly unchanged. Unlike
to the capacitance, the resistance changed from 828Ω in the LRS to 47.4kΩ in
the HRS. It has to be pointed out that the LRS as well as the HRS can be
described without taking the depletion layer influence into account.
For the investigation of the resistive switching with opposite polarity, a
Pt/500nm STO(Fe)/Nb:STO device was prepared and formed by a positive
bias. The related I(V)-curve can be seen on the right side of Fig. 54. It is
obvious that a positive bias, applied to the Pt electrode, now increases the
device resistance which is vice versa to the previous investigated device. It has
to be mentioned that the differences in film thicknesses is not the origin for
the opposite switching polarity.
Figure 54: (left) Impedance spectra of a Pt/500nm STO(Fe)/Nb:STO MIM-structure
in two different resistive states. The corresponding equivalent circuit is depicted in the
inset; (right) The I(V)-curve shows a typical bipolar resistive switching hysteresis of the
device
The impedance spectroscopy performed on both resistive states led to
nearly perfect half circles for each of them in the Cole-Cole plot (see Fig.
54) indicating that both spectra originate from only one contribution. Both
resistive states could be fitted just by using one Voigt element which is related
to the bulk properties. From the interception of the fits with the Z ′ axis, the
DC resistances (ω → 0) can be directly extracted. The HRS resistance could
be determined to be 52kΩ and the LRS resistance to be 18kΩ leading to a
Roff/Ron ratio of about three. In contrast to the resistance, the capacitance
remains constant, ∼185pF, for both resistance branches. Again, the impedance
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spectra for both the HRS and the LRS could be fitted without taking the de-
pletion layer into account.
The different polarity of the previous two switching curves will be attributed
to a change of the active interfaces where the switching effects occur. In one
case, the Pt/STO(Fe) interface showed a resistance change, in the other case,
the STO(Fe)/Nb:STO interface was the relevant one. The opposite interface in
each case can be regarded as inactive. An “opening and closing” of conducting
channels during the switching process should lead in case of the Pt/STO(Fe)
interface to a restoring of the depletion layer impedance. The absence of the
depletion layer impedance, especially in the HRS of both switching curves,
indicates thus that the local bypassing, induced during the forming procedure,
cannot not be restored by the resistive switching. As a result, an exact alloca-
tion of the active interface was not possible by this impedance study.
Interface related switching: Retention of the states
In the view of a nonvolatile memory devices it is important that “information”
can be stored within a cell over a certain period of time without the need of
refreshing. In case of the investigated RRAM, the information is stored in
terms of different resistance states.
The stability or retention of these typically two states has been investi-
gated on a Ti/500nm STO(Fe)/Nb:STO device. A cell was set to the interface
related switching mode with an active Ti/STO(Fe) interface by quasistatic
voltage sweeps. The resulting I(V)-curves can be seen in the left graph of Fig.
55. After a stable switching curve was achieved, the cell was set to the HRS
and the device resistance was measured periodically by a small voltage signal
of 50mV every 1 hour. Subsequently, the same procedure was performed on
the sample in the LRS. The resulting time dependence of both resistive states
is depicted in the right graph of Fig. 55.
A clear window between both states is obvious and shows no significant
time dependence during the measured time of 9 hours. The change between
the initial (0h) and the second (1h) measurement can be attributed to contact
problems during the initial measurement which led to an offset for both states.
However, no clear tendency in the time evolution of both resistances could be
determined which clearly demonstrates the long term stability of the resistive
states. Due to the fact that several failure mechanisms within this type of
RRAM cell are not yet understood, an extrapolation of the time evolution to-
wards to the 10 year mark8 will not be reliable.
8A retention time of a minimum 10 years is demanded by the ITRS for a nonvolatile
“ionic memory” [2].
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Figure 55: (left) Bipolar switching curve of a Ti/500nm STO(Fe)/Nb:STO cell; (right)
Time evolution of both resistance states measured at 50mV
Nevertheless, we can conclude for our switching model that no reoxidation
of the “opened” filament in the LRS takes place at room temperature.
Interface related switching: Charge dependence
In this section, the influence of the injected charge on the resistive switching
I(V)-characteristic will be discussed. A variation of the charge was achieved
by changing the delay time for quasistatic voltage sweeps. As mentioned in
section 3.4.1, each voltage step applied during a quasistatic sweep was kept
constant for a defined delay time before the related current was measured. A
simple approximation to calculate the injected charge was made by assuming a
time independent current after the set of the voltage. This allows to calculate
the injected charge for each voltage step by Q = I · ∆t with ∆t: the delay
time. Summing up the charges over, for instance, one half of the voltage sweep
(0V → Vmax → 0V ) allows to compare the injected charge for different delay
times.
The result of this study can be seen in the I(V)- and R(V)-plots in Fig. 56.
The investigated Pt/500nm STO(Fe)/Nb:STO device was previously formed
and afterwards switched by quasistatic voltage sweeps with delay times vary-
ing between 0.01s and 1s per voltage step (50mV). No significant changes
between the different curves are noticeable. However, the injected charged, cal-
culated for one half of the sweep varied between Q (∆t = 0.01s) = 187µC and
Q (∆t = 1s) = 15.8mC which is nearly two orders of magnitude. This charge
independence of the I(V)-characteristic implies that the minimum amount of
charge carriers needed for the resistance change was already overcome by all
measurements and that a saturation of the switching states set in. To deter-
mine the influence of the charge on the switching effect it will be necessary
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Figure 56: Influence of the delay time on the quasistatic measured I(V)- or R(V)-curve
of a Pt/500nm STO(Fe)/Nb:STO device
to switch the sample by applying short pulses instead of quasistatic sweeps to
investigate the charge region of interest.
Interface related switching: Oxygen partial pressure dependence
An interesting point for the understanding of the switching phenomena is the
question whether the oxygen related opening and closing of the conducting
filaments operates by a gas exchange with the surrounding atmosphere or by
a pure internal redistribution of lattice oxygen ions. Within the scope of this
work a setup was constructed (see section 3.4.4) which allows to study the
influence of the oxygen partial pressure on the resistive switching curves. The
vacuum chamber was pumped down to pressures lower than about 10−7mbar
before the oxygen partial pressure of interest was adjusted by controlling an
oxygen gas inlet. All measurements were performed on previously formed
Pt/500nm STO(Fe)/Nb:STO devices at room temperature within a pressure
range between 10−5mbar and 10−2mbar.
In Fig. 57, the quasistatic switching curves of a junction in terms of the
I(V)- and the R(V)-characteristic can be seen. The device switched to the
HRS by applying a positive bias to the Pt electrode. The ratio between the
HRS and LRS was a factor of 10 for small amplitudes. This switching polarity
hints, as already described, to the dominant role of the Pt/STO(Fe) interface
in this case. At each oxygen pressure several switching sweeps were recorded
before the pressure was changed. It has to be mentioned that I(V)-sweeps were
measured for an increasing as well as for a decreasing sequence of the pressure
leading to comparable results.
Although the pressure was changed by four orders of magnitude, no de-
pendence of the switching characteristic on oxygen partial pressure could be
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Figure 57: Dependence of the quasistatic switching characteristic of a Pt/500nm
STO(Fe)/Nb:STO device on the oxygen partial pressure; the I(V) and the R(V)-curves
are displayed.
observed. In contrast to electroformation, which could be identified as a pro-
cess arising from the loss of oxygen to the atmosphere, the results point out
that resistive switching at room temperature occurs due to a pure internal
effect.
Interface related switching: Pulse measurements
For the use of STO in a future memory application the capability to switch
the resistance by applying voltage/current pulses becomes important. Some
basic experiments were performed to investigate the pulse induced resistive
switching effect by current driven as well as by voltage driven measurements.
Current pulses:
Within this section, Pt/45nm STO(Fe)/SRO devices have been investigated
concerning their resistance change by applying current pulses. This pulse in-
vestigation was performed on formed as well as on unformed devices.
As already reported in section 7.2, even unformed devices showed hysteretic
effects which were ascribed to dielectric and chemical polarizations. In the top
left of Fig. 58, the dynamic V(I)-curve of a unformed cell can be seen. To
prevent a dielectric breakdown, the voltage compliance was set to +/-10V.
A highly rectifying characteristic with a strong hysteretic opening on the
negative branch can be seen. Different current pulses were applied to this de-
vice, for details see caption of Fig. 58. The corresponding voltage response
to the pulse signal is shown in the lower part of the figure. Two different
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Figure 58: (top left) V(I)-curve of a unformed Pt/45nm STO(Fe)/SRO device. The
voltage compliance was set to 10V; (top right) The current-time signal applied to the
device consists of 125ms long write/erase pulses with +/-1mA amplitude and read pulses
of 25ms duration with -0.5mA amplitude; (lower part) Voltage response of the cell to
the pulse signal. The purple bars indicate the two volatile resistance levels.
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voltage level can be identified (marked with purple bars) and represent differ-
ent device resistances. For this unformed device an increase of the measured
voltage during the read pulses was noticeable (shown in the magnification of
Fig. 58) which indicates a destructive readout of the resistive states. An ex-
trapolation of the transient voltage evolution during the read operation leads
for both levels to the same limit. Thus, the difference of the measured states
results only from a polarization effect, described in section 7.2, instead of from
a nonvolatile resistance change.
Figure 59: (top left) Bipolar switching curve of a formed Pt/45nm STO(Fe)/SRO
device; (top right) The current-time signal applied to the device consists of 125ms long
write/erase pulses with +/-1mA amplitude and read pulses of 25ms duration with -
0.5mA amplitude; (lower part) Voltage response of the cell to the pulse signal. The
purple bars indicating the two nonvolatile resistance levels.
Similar current signals were also applied to a formed device which switched
the resistance by the interface related switching mechanism (see Fig. 59). In
the top left, the bipolar switching curve can be seen. The voltage response to
current pulses shows again two separated resistance levels which are marked
with purple bars. In contrast to the unformed device, the resistance stays con-
stant during the read operation. This nondestructive readout, which is claimed
by the ITRS [2] for a RRAM device, indicates the stability of the two states.
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It has to be mention that the relative small Roff/Ron ratio in both cases
originates mainly from the current driven measurement setup 9 and is not re-
lated to the cell properties.
Voltage pulses:
Figure 60: (top left) Bipolar resistive switching curve of a Pt/500nm
STO(Fe)/Nb:STO device; (top right) The applied voltage signal consisting of 1sec long
write/erase pulses with +2.1V and -1.5V amplitudes and read pulses with a duration
of 2sec and an amplitude of -75mV; (lower part) The corresponding time-current signal
and the resistances during the readout of both levels are shown.
A Pt/500nm STO(Fe)/Nb:STO device was formed and switched by qua-
sistatic voltage sweeps until a stable bipolar switching curve showed up (see
Fig. 60). Afterwards, voltage pulses were applied to the cell and the current
response was recorded. A positive biasing of the Pt electrode decreased the
device resistance indicating an active Pt/STO(Fe) interface.
9The current driven setup allows only to measure in a voltage range from 50mV to 10V. In
most voltage driven setups a measurement range from 10−11A to 10−2A allows the detection
of much larger resistance ratios.
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The results of the pulse measurements can be found in Fig. 60, details can
be extracted from the caption. No significant change of the current in course
of the write/erase operations could be detected. Nevertheless, the device re-
sistance, measured with -75mV pulses, changed by factor of ∼30 which is a
satisfying resistance window. Furthermore, no shifting of both resistive states
was observed during the 90 switching cycles.
A transient analysis of the switching effect was not possible as a result of the
nonlinearity of the resistive branches. Thus the physical limit for the switching
time could not be extracted from these simple measurements. Nevertheless, a
reliable performance of an 200nm x 200nm STO switching cell, integrated in
CMOS, with a switching time of 130ns was demonstrated by Karg et al. in
2008 [55].
Interface related switching: Switching model
The current-voltage characteristic of a switching MIM-device is always diffi-
cult to interpret since the measured I(V)-curves will be always a sum of partial
I(V)-characteristics originating from both interfaces and the bulk. Szot et al.
(unpublished results) showed for STO single crystals that the resistive switch-
ing predominately occurred at the metal/insulator interfaces. Furthermore, it
was claimed that the bulk contribution to the total I(V)-characteristic could be
regarded as ohmic-like. This statement is supported by several other groups
which also investigated lateral MIM structures and allocated the switching
phenomena also to the metal insulator interfaces [36, 37, 34, 59].
However, in principle, both interfaces of a MIM-device should show switch-
ing effects in the opposite direction so that both partial I(V)-curves should
“annihilate” each other. Therefore, an asymmetry has to be induced in the
system to define one dominant interface. This can be achieved by the form-
ing process, by the use of different electrode materials or by a gradient in the
composition within the system.
As noted in section 8.1, the electroforming leads to a local bypassing of the
interface Schottky contact. Impedance spectroscopy performed on the LRS
and HRS indicated that no electrical induced healing of the depletion layer
takes places. The depletion layer can thus be regarded as shunted by a vir-
tual electrode. Whether the device can be found in the HRS or LRS after the
electroforming step depends on the electrical power used during this process.
A high power forming ends up in the LRS, a softer forming instead sets the
sample to the HRS.
This can be understood by regarding the electroforming process in more
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detail. The oxygen vacancies, induced during the electroforming process, start
to accumulate at the cathode and lead, assuming an ion blocking interface, to
the growth of a virtual cathode towards the anode. If the virtual cathode ap-
proaches the vicinity of the anode, tunneling currents will show up and avoid a
further reduction of the last few nanometer. Thus, the device can be found in
the HRS after a soft forming process. In case of the high power electroforming
procedure, the induced local heat (Joule heating) will increase the thermally
activated oxygen mobility resulting in an ongoing reduction of the filament
which sets the device to LRS.
The distribution of oxygen vacancies along a filament is schematically
shown in Fig. 61 for both the HRS and the LRS. An almost constant and
high concentration of oxygen vacancies will be assumed to exist in the LRS.
The observed resistance drift of a formed device (shown in section 8.1, page
82) which was attributed to an internal redistribution of the chemical gradient
will be neglected here for simplification. A resistance increase at this stage can
be induced by an electrical induced depletion of oxygen vacancies next to one
of the interfaces. Even though a device, set to the LRS, exhibits a more or less
homogeneous distribution of oxygen vacancies within the bulk most of the ap-
plied voltage will drop in the vicinity of the interfaces. The interface where the
highest electric field occurs will become the active one for the switching effect.
This locally enhanced electric field plays an important role for the field driven
migration of the ions. A change of the titanium valency (Ti4+ ↔ Ti3+ ↔ Ti2+)
due to the locally changed oxygen vacancy concentration will lead to a modi-
fied effective Schottky barrier height between the metal electrode and the STO.
Temperature dependent measurements indicated a thermally activated
transport mechanism for both resistive states. The activation energies could
be determined and values of 34meV (HRS) and 15meV (LRS) were found.
One can conclude that even in the LRS there is no complete reduction of the
filament under ambient conditions. The majority of the lattice Ti ions will
thus have have a valency of +3 and not of +2 because in that case one could
expect a metallic-like conduction.
The oxygen vacancy depletion in the HRS can show up at both interfaces.
Within the investigated devices one interface could be chosen to be the dom-
inant one by adjusting the amplitude of the voltage sweeps. If the switching
takes place at the Pt/STO(Fe) interface, a positive bias at the Pt electrode
is needed to push oxygen vacancies away from the vicinity of the interface
thus ending up with an increased effective barrier height. In case of a domi-
nant STO(Fe)/Nb:STO interface, the similar happens by applying the opposite
polarity. The inactive interface will not be significantly affected by this local
variation in oxygen vacancy concentration in the vicinity of the active interface.
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Figure 61: Switching model for the interface related switching mechanism; two differ-
ent switching polarities can be observed for the different active interfaces Pt/STO(Fe)
(left) and STO(Fe)/Nb:STO (right).
As shown in section 8.1, at elevated temperatures (T>110◦C) the system
starts to interact with the surrounding atmosphere. Consequently, this phe-
nomenon leads to a reoxidation of the STO devices and to a disappearance of
the switching effect.
The long term stability (>10h) and the short switching times (130ns [55])
indicate that for this material the voltage-time dilemma (see section 2.1) has
been overcome. Since these properties cannot be explained by a simple concen-
tration gradient, the switching phenomena must be explained by a thermally
assisted ion migration, the local creation of new phases or the nonlinear dif-
fusion effects appearing under high electric fields [120]. All effects may occur
in the investigated system. Possible candidates for the new local phases which
could form might be members of the so-called Magnelli phases. However, nei-
ther their exact stoichiometry nor their thermodynamical stability are known
for the considered system. To explain the observed stability of the different
resistance states, it seems that at least one of the mentioned effects has to
be taken into account. The exact microscopic mechanism cannot be extracted
from the measured data and will be one important challenge of future research.
The oxygen vacancy concentration profile within formed devices in the HRS
may be “fixed” by the creation of a new local phase which could explain the
stability of the states. In contrast to formed devices, the concentration profile
in unformed devices, induced by electrical sweeps/pulses, will not end up in
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this “fixed” situation. Within unformed devices, most of the applied bias will
drop in the vicinity of the Schottky contact so that the electrical stress within
the STO maybe not be high enough to create the new phase. As a result,
the differences observed in course of the current-driven pulse measurements
on unformed and formed devices, shown on page 101 in this section, can be
explained.
Previously, it was reported that the use of an oxidizable top electrode (Ti)
will improve the stability of the resistive states. In order to understand this
effect some attention has to be payed to the Ti/STO(Fe) interface. Due to
the high affinity of Ti to react with oxygen, miscellaneous native suboxides
(TiOx) can be created instantaneously. It could be shown by the oxygen par-
tial pressure dependence that the resistive switching can be regarded as a pure
internal effect without any gas exchange with the atmosphere. However, if
the parameters chosen for the voltage sweeps are not optimized, a steady loss
of oxygen during sweeping can occur in case of Pt electrodes leading to an
ongoing degradation during repeated switching cycles. Using an oxidizable
electrode can avoid this loss by trapping the oxygen by a reversible reduction
and oxidation of the sub-oxides. This improved reliability was also observed
for the bipolar switching of W/BST(Mn)/SRO devices [62].
Even though this simplified switching model describes the measured data
qualitatively well, it is still based on several simplifications and a further elu-
cidation has thus to be part of ongoing research.
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9.2 Bulk related switching
In contrast to the interface related switching mechanism, the bulk related
switching mechanism (black curve in Fig. 51) shows only one switching po-
larity but typically a much larger Roff/Ron ratio and an improved stability.
By applying a positive bias to the top electrode (Pt or Ti), the device will
be set to the LRS state. On the negative branch, the current follows up the
voltage until a strong negative differential resistance (NDR) occurs. This is
the minimum voltage which is required to set the device resistance back to
the HRS. Compared to the interface related effect, for this type of switching
mechanism larger negative voltages are always needed to activate this type of
switching. However, this mechanism will not exclude the occurrence of the
interface related switching but will become the dominant effect in the mea-
sured I(V)-characteristics. In Fig. 62, a typical I(V)-curve of an incompletely
formed device can be found. Both branches exhibit a strong nonlinearity which
is typical for the bulk related switching mechanism.
Figure 62: (left) Example of a bulk related switching curve of an incomplete formed
Pt/500nm STO(Fe)/Nb:STO junction; (right) Current density of junctions with elec-
trode diameters of 200µm and 400µm
If the typically needed DC forming process was interrupted before the
strong current increase occurred, the device could also be switched in the
bulk related switching mode. This will lead, in contrast to fully formed de-
vices, to a smoother NDR effect in the negative branch compared to fully
formed devices (compare e.g. Fig. 64 and Fig. 62). In the case that the
switching effect takes place in only one filament, the LRS current should be
independent of the padsize for junction areas much larger than the filament
cross sectional area. However, for slightly formed junctions the tendency of a
padsize dependent current voltage characteristics showed up (see right graph in
Fig. 62). By assuming a homogeneous conduction within the device, an elec-
tron barrier, which is responsible for the resistive states, should be detectable
as an additional capacitive component to the impedance. This assumption
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could not be confirmed by impedance spectroscopy which was performed on
padsize-dependent devices in the HRS and LRS. A possible explanation for the
measured effects is a homogeneous distribution of conducting filaments whose
total cross sectional area is much smaller than the junction area. Without
a complete forming procedure, “all” filaments will contribute to the resistive
switching. As a result, a padsize dependence will show up and also, due to
the small ratio of the filament cross sectional area to the junction area, no
capacitive effects show up in impedance spectra.
For both resistive states, the temperature dependence of the conductance
was measured between room temperature and 75◦C for a Pt/STO(Fe)/Nb:STO
device (see Fig. 63). The activation energies could be determined for the HRS
to be 560meV and for the LRS to be 250meV. As in the case of the interface
related switching mechanism, the switching collapses, due to reoxidation
effects, at a temperature higher than 110◦C.
Figure 63: Temperature dependence of the HRS and LRS for the bulk related switch-
ing mechanism measured on a Pt/500nm STO(Fe)/Nb:STO device
Bulk related switching: Impedance studies
To complete the impedance studies also the bulk related switching type was
investigated (black curve in Fig. 51). Like in the former case, a 500nm
Pt/STO(Fe)/Nb:STO device was formed and set to both resistive states. The
large negative amplitude needed on the negative polarity indicates that this
switching mode can be attributed to the one related to the black curves in
Fig. 51. The switching curve, depicted in Fig. 64, shows that a resistance
increase can be achieved by applying a negative bias to the Pt electrode. The
frequency dependent impedance for both resistance states can be described
by using only one Voigt element. The capacitance for both states could be
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fitted to 185pF, like in the previous case. The resistance changed from 5.2kΩ
in the LRS to 122kΩ in the HRS, i.e., by a factor of about 24.
Figure 64: (left) Cole-Cole plot for a Pt/500nm STO(Fe)/Nb:STO MIM-structure in
the HRS and LRS. The corresponding equivalent circuit is depicted in the inset; (right)
A bipolar resistive switching curve of the device.
Bulk related switching: Retention of the states
To study the retention times, a Pt/500nm STO(Fe)/NB:STO device was formed
and then set by quasistatic voltage sweeps to the HRS state. The correspond-
ing I(V)-characteristic of the cell can be found in Fig. 65. After the state was
set, the resistance was periodically read every 60 minutes by a small voltage
signal (50mV). After 9 hours the cell was switched to the LRS by a quasistatic
voltage sweep and the same procedure used to analyze the retention behavior
in the HRS was performed.
In the upper right graph of Fig. 65, the time evolution of both resistive
states is depicted in absolute values. The lower graph shows the relative change
of the resistances within a time period of one hour. It is obvious that the huge
resistance window, observed directly after setting, between the LRS (few kΩ)
and the HRS (several hundred MΩ) stays almost constant over 9 hours. The
HRS resistance drifted during this time slightly towards smaller resistance val-
ues, the LRS instead towards larger values. As a result of the large Roff/Ron
ratio of ∼ 105, this small drift (less than a factor of two for both states in 9
hours) will not affect the stored information. Additionally, the relative drift
of both states indicates a clear slowdown of the resistance shifts. Thus it can
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Figure 65: (left) Bipolar switching curve of a Pt/500nm STO(Fe)/Nb:STO cell; (right)
Time evolution of both resistance states measured at 50mV; (lower graph) Calculated
relative drift of the measured resistance to the previous value
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be assumed that for longer times both states will reach their respective steady
states. However, as has been discussed in the case of the interface related
switching effects, there is yet sparse knowledge about all possible failure mech-
anisms so that an extrapolation to longer times is not worthwhile.
Bulk related switching: Charge dependence
For the bulk related switching mechanism, the impact of the total injected
charge on the course of the quasistatic I(V)-curves studied, too. If the resis-
tance change is due to an internal redistribution of dopants an influence of the
charge on the device resistance can be expected.
Figure 66: I(V)- and R(V)- characteristics of a Pt/STO(Fe)/Nb:STO device recorded
with different delay times of the quasistatic voltage sweeps
A Pt/500nm STO(Fe)/Nb:STO device was therefore switched by quasistatic
voltage sweeps (stepsize: 50mV) with different delay times (1s to 0.01s). The
resulting I(V)-curves can be seen in Fig. 66. As a result of probe tip contacts,
a large “noise” signal can be found on the measured signal which however will
not change the major conclusion. The injected charge which was calculated as
described on page 99 of this section varied between Q (∆t = 0.01s) = 194µC
and Q (∆t = 1s) = 14.9mC for the different I(V)-curves. A variation by two
orders of magnitude showed no influence on the measured I(V)-characteristics.
As in the case of the interface related switching, it seems that both resistive
states have attained their respective saturation limit already for the smallest
amount of charge injected. Thus, for future investigations a further decrease
of the charge level will be necessary.
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Bulk related switching: Oxygen partial pressure dependence
To proof whether the internal redistribution of oxygen vacancies is exclusively
responsible for the different resistive states or whether there occurs also an
oxygen exchange with the surrounding atmosphere during the switching, the
oxygen partial pressure dependence has been studied using a similar procedure
as already described on page 100 in this section.
Figure 67: Oxygen partial pressure dependence of the bulk related switching mecha-
nism in terms of the I(V)- and R(V)-characteristic
The resulting I(V)-curves, displayed in Fig. 67, showed no influence of the
oxygen partial pressure at room temperature. This result excludes an oxygen
exchange between the sample and the surrounding atmosphere on the time
scale needed to achieve a resistance variation. Therefore we can conclude that
the switching effect is a pure internal redistribution of oxygen within the sam-
ple.
Bulk related switching: Multilevel capability
Within the ITRS [2], a demand for the multi-bit capability of RRAM devices
can be found and has been already demonstrated for oxides like BST(Mn) and
SZO [61, 10]. As already shown in Fig. 51, this type of switching effect needs,
compared to the other ones, a larger amplitude to become dominant.
The investigated Pt/45nm STO(Fe)/Nb:STO device underwent an incom-
plete forming process which set the sample to the LRS. A bipolar switching
curve could be recorded by quasistatic voltage sweeps and can be seen in Fig.
68. The current compliance was set to +/-20mA and was only reached on the
positive branch.
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Several I(V)-sweeps were performed by applying amplitudes of +2V and
-1.5V, the measured curves are depicted in red in Fig. 68. Both resistance
branches showed a nonlinear characteristic. The increase of the negative am-
plitude to -2V (black curves) led to stable loops, too. This is also the case for
an ongoing increase of the amplitude to -2.5V (blue curves). On the negative
branch, all curves follow the same I(V)-curve up to their individual reversal
point. The detailed behavior on the positive branch was not directly observ-
able as the current compliance was reached. Nevertheless, it seems that at
both polarities all switching curves share the same LRS.
Figure 68: I(V) and R(V)-curves of an incomplete formed Pt/45nm STO(Fe)/Nb:STO
device. (lower part) Roff/Ron ratio plotted for three different write amplitudes. The
resistance was read out at -750mV.
This becomes obvious by plotting the device resistance against the applied
bias (top right graph in Fig. 68). The huge resistance difference between the
HRS and the LRS can be seen. An increase of the negative amplitude leads
to an increase of the resistance in the HRS. For this reason, the device resis-
tance can be modulated to any HRS value simply by adjusting the negative
amplitude within a reasonable range. The lower graph gives an example for
the Roff/Ron ratios achieved by this technique. Dependent on the amplitude,
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Roff/Ron ratios between ∼20 and ∼100000 could be achieved.
In conclusion, it has been demonstrated that at least four different resis-
tance level could be written to one cell without loosing a reasonable Roff/Ron
ratio. These four states can be used to store 2 bits within a single cell.
In order to understand the physical origin of this amplitude related resis-
tance change, the injected charge has been calculated for the negative part of
the voltage sweep by the previous introduced method (see page 99). This ap-
proximation led to values of 231mC, 216mC and 198mC for the three curves.
As a result of the charge dependent investigation, described in the previous
section, the I(V)-characteristic was not influenced by a two orders of mag-
nitude change of the injected charge. Consequently, the small change of the
charge for the three I(V)-sweeps, shown in Fig. 68, cannot be the dominant
effect for the different resistance level.
Since this bulk related switching effect will be attributed to a field driven
internal redistribution of mobile donors, the electric field becomes a possible
candidate to explain this multilevel behavior. To simplify, the electric field
scales linear with the applied bias (E =(applied bias)/(film thickness)) and is
thus between 30 and 50kV/cm for the three states.
However, no simple relation between the device resistance and the amount
of charges injected or the applied field could be determined by these simple
approximations. For a final clarification it seems to be necessary to use a type
of coupled ionic and electronic transport model to simulate the complicated
processes occurring within this type of MIM devices.
Bulk related switching: Pulse measurements
The bulk related switching mechanism will be studied here on an incompletely
formed Ti/STO(Fe)/Nb:STO device. Figure 69 represents the results of a volt-
age pulse investigation, for details see the caption of Fig. 69. The quasistatic
measured bipolar switching curves showed the expected shape for the bulk re-
lated switching mechanism.
If we regard the transient current response during the write and erase oper-
ation, no step-like or steady current in/decrease in the order of the expected re-
sistance change could be observed. The nonlinearity of the I(V)-characteristic
makes a determination of the transient resistance change somehow compli-
cated. A resistance change measured at 75mV, for instance, does not have to
lead directly to the same resistance change measured at, e.g., 2V.
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However, the resistance values calculated from the read current showed
two well separated states. The LRS resistance slightly shifts to larger values
which results from a slight deviation from the optimum switching amplitudes.
For each cell the write as well as the erase pulse amplitudes have to be ad-
justed to the individual cell properties to guarantee a stable resistance window.
Figure 69: (top left) Bipolar switching curve of a Ti/500nm STO(Fe)/Nb:STO de-
vice; (top right) Graph of the applied voltage signal to switch and read the cell using
write/erase pulses with a duration of 1sec and amplitudes of +2.1V/-2.75V. The resis-
tance states were red out two times after each writing/erasing cycle for 1sec at -75mV;
(lower part) The corresponding current response and the resistances during the readout
are depicted.
For this type of switching mechanism additional pulse measurements in the
sub-µs regime were performed. A formed Ti/500nm STO(Fe)/Nb:STO device
was set to the HRS by a quasistatic sweep. The switching to the LRS was
achieved by applying one short voltage pulse and the resistance change was
studied as a function of the pulse amplitude at a fixed pulse width. Therefore,
pulses with stepwise increasing amplitudes were applied to a device. After each
pulse, the resistance was read out by a quasistatic signal of 100mV. In the case
that a resistance change by the pulse treatment was detected, the device was
switched a few times by quasistatic sweeps to recover the initial conditions be-
fore the next pulse was applied. In Fig. 70 the Roff/Ron-ratios as a function
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of the pulse amplitude can be found for pulse widths of 30ns and 100ns. For
both pulse lengths a specific amplitude threshold has to be overcome before
the resistive switching sets in. At larger pulse amplitudes shorter pulses were
needed to achieve a similar resistance ratio.
The results of the quasistatic measurements with different delay times (see
page 113) indicated that both resistive states were already in their respective
saturation for the investigated amount of injected charge. This short pulse
investigation, however, shows that it is in principle possible to determine the
amount of injected charge which is necessary to produce the switching. Unfor-
tunately, no simple calculation of the total injected charge to the sample could
be made. Due to restrictions of the used setup, it was not possible to distin-
guish between capacitive currents and “real” injected currents in the transient
current signal. Thus, the integration of the current-time trace will not give the
amount of charge which is injected to the device.
However, no simple correlation between the resistance variation and the
amount of charge, the power dissipation or the electric field can be extracted
from these measurements. Nevertheless, it was possible to switch the device
within 30ns.
Figure 70: Roff/Ron-ratios as a function of the pulse amplitude for pulse widths of
30ns and 100ns; Ti/500nm STO(Fe)/Nb:STO; lines: guide to the eyes
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Bulk related switching: Switching model
If the negative bias applied to top electrode overcomes a device specific am-
plitude, the bulk related switching mechanism becomes dominant. This mech-
anism occurs only for one switching polarity. If the top electrode is biased
positive, the device resistance decreases and the sample is set to the LRS. The
oxygen partial pressure independence of the switching behavior indicated that,
in contrast to the electroforming process, the switching phenomena originate
from an internal redistribution of charged defects.
It has to be mentioned that this type of switching also shows up in incom-
plete formed devices which hints to the secondary importance of the interfaces
for the switching mechanism. Even in completely formed devices, rectifying
I(V)-properties can be observed together with a strong nonlinearity of both
resistive branches.
In contrast to the interface related switching effect which leads to a change
of the oxygen vacancy concentration in the vicinity of the interface, the dif-
ferent resistances in case of a bulk related switching mechanism may originate
from a modified vacancy profile across the whole filament. The oxygen vacancy
concentration profile along a filament can be seen in Fig. 71 for the HRS and
the LRS as well.
After the electroforming process (incomplete or complete), the initial con-
centration of oxygen vacancies will be assumed to be homogeneous10. This
situation represents the LRS state of the system. By applying a large nega-
tive bias to the Pt electrode the positively charged oxygen vacancies will be
attracted and accumulated at the Pt electrode. Not only an enrichment at
Pt/STO(Fe) interface will be induced also a strong depletion at the opposite
interface shows up as a result of the electrostatic repulsion of the oxygen va-
cancies at the positive Nb:STO electrode. If the concentration of the oxygen
vacancies falls below that of an assumed immobile acceptor concentration, the
doping profile changes from n to p−n+. The p-type region acts as a potential
barrier for the electrons and will increase the device resistance [88].
As in the case of the interface related switching behavior, both states ex-
hibit a thermally activated transport mechanism (see Fig. 63). This leads to
a similar conclusion that the majority of the lattice Ti ions can be found for
the LRS with valency +3 and not +2.
The main difference between the bulk and the interface related switching
mechanism is that in case of an interface effect only a local depletion at one
10The chemical gradient induced during the forming process was neglected here for sim-
plification.
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Figure 71: Switching model of the bulk related switching mechanism. The concentra-
tion profile of oxygen vacancies along the filament can be found in the upper part for
the HRS. The lower situation displays the LRS.
interface takes places whereas in case of bulk related switching a depletion as
well as an enrichment appear. Thus, the bulk effect can be regarded as an
extreme case of the interface switching effect at the STO(Fe)/Nb:STO con-
tact. This idea is supported by the observation that always larger voltages are
needed to enable the bulk switching mechanism. However, the switching effect
could not be observed with the opposite polarity. If an increased positive bias
is applied to the Pt the electroforming will directly set in so that this type of
chemical gradient cannot be induced11.
As shown in the previous section, the HRS can be continuously tuned over
a wide resistance range by variation of the negative amplitude applied to the
Pt. This multilevel capability will be attributed to different expansions of the
p-type region.
The stability of the resistive states (>9h) and the short switching times
(<30ns) can, like for the interface related switching, only be explained by a
thermally assisted migration and local trapping of the mobile ions, nonlinear
diffusion effects appearing under high electric fields or the occurrence of a new
phase.
Even though the developed model bases on many simplifications, it de-
scribes the measured data qualitatively well. However, it cannot be excluded
11In contrast to the STO(Fe)/Nb:STO interface, which can be regarded as ideal ion block-
ing barrier, an oxygen transfer over the Pt/STO(Fe) interface is, as shown in section 8.1,
possible by applying sufficient high voltages.
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that this type of switching results from an electronic trapping/detrapping at
the Pt/STO(Fe) Schottky contact like Fujii et al. supposed for SRO/Nb:STO
junctions [100].
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10.1 Summary
Within this work, the resistive switching properties of epitaxially grown Fe-
doped SrTiO3 thin films have been investigated. Metal-insulator-metal devices
as well as the electrical properties on the nanometer scale (LC-AFM) were stud-
ied. The epitaxial STO(Fe) thin films were successfully grown by a pulsed laser
deposition technique on SrRuO3 bottom electrodes or Nb:STO substrates. All
films have been fully characterized concerning their surface morphology and
crystalline quality by AFM and XRD.
Additional to the mainly used bottom electrode materials, SrRuO3 and
Nb:STO, also LaNiO3 was introduced as an alternative material. Therefore
the deposition conditions for LaNiO3 thin films have been optimized. A de-
tailed characterization of MIM devices exhibiting LaNiO3 bottom electrodes
lead to promising first results. ToF-SIMS measurements indicated a diffusion
of Ni as well as La within the STO layer. Thus the analysis of the underlying
microscopic switching effects is very complicated and further process develop-
ment is required to prevent the observed interdiffusion.
As a starting point for the optimization of the resistive switching prop-
erties, a “percolation threshold” supported resistive switching approach was
presented. The epitaxial growth of a solid solution consisting of SRO cluster
within a STO matrix could be achieved by a multitarget deposition process.
A correlation between the size of the conducting cluster and the conducting
pattern, measured by LC-AFM, could be determined. The results can be re-
garded as a proof of concept and will present a good starting point for future
research activities.
Furthermore, the electrical properties of STO and STO(Fe) thin film sur-
faces were studied on the nanometer scale by conductive AFM. In case of the
Fe-doped STO, a homogeneous conduction of the surface as well as confined
conduction paths could be measured dependent on the previous applied elec-
trical surface treatment. The homogeneous conduction could not be observed
for undoped STO surfaces. A comparison of the local I(V)-characteristics led
to opposite switching polarities for undoped and iron doped STO. Different
switching mechanisms were proposed for both materials. In case of undoped
STO an oxygen related opening and closing of the conducting channels was
assumed. The switching effect in STO(Fe) was explained by an electrically
induced p-n doping profile.
Detailed investigations on metal/STO(Fe)/metal devices were made con-
cerning their electrical properties in the pristine state as well as in the formed
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state. These MIM devices were fabricated with high as well as low workfunction
metal electrodes to study the influence of the metal/insulator contacts could
be studied. A successful separation of the bulk and Schottky depletion layer
properties to the electrical resistance could be achieved by impedance spec-
troscopy. DC bias dependent impedance spectroscopy was used to determine
the width of the Schottky depletion layer appearing at the Pt/STO(Fe) inter-
face to ∼200nm. Furthermore, a chemical polarization resulting in a volatile
hysteresis of the I(V)-curves could be identified with a dynamic polarization
method and can be regarded as a pre-stage of the resistive switching.
Generally, a thermal or electrical forming step is a prerequisite for the obser-
vation of switching effects in MIM-structures. This phenomenon has been stud-
ied in terms of the electroforming procedure mainly on Pt/STO(Fe)/Nb:STO
devices. It could be shown, using a segmented electrode configuration, that
MIM-devices exhibit a laterally confined conduction after an electroforming
process. The impact of the electroforming procedure on the impedance spec-
tra of a MIM-device has been investigated. In the highly oxygen deficient films,
the electroforming of the Pt/STO(Fe)/Nb:STO devices results only in a local
bypass of the Pt/STO(Fe) Schottky depletion layer, since the conducting chan-
nels are already formed during thin film growth. In contrast to this, devices
with ohmic contact require no powerful or even no forming process. Anneal-
ing experiments under defined atmospheric conditions were performed with
formed devices. Internal ion redistributions as well as external effects could
be observed at elevated temperatures (RT→175◦C). At temperatures higher
than 110◦C SrTiO3 starts to interact with to the surrounding atmosphere and
MIM-structures can no longer be regarded as a closed system.
Two different resistive switching mechanisms could be identified for the in-
vestigated MIM devices. Firstly, an interface related switching mechanism is
observed, which was explained by the oxygen related opening and closing of
conducting channels in the vicinity of the electrode interfaces. This type of
switching could be observed for both interfaces and exhibits usually Roff/Ron
values smaller than 100. Secondly, a bulk related switching mechanism with
Roff/Ron ratios up to 10
5 was observed. This type of switching is much more
stable and showed the tendency to scale with the junction area if a sufficiently
soft forming process is used in order to prevent the formation of strongly con-
fined filaments. It is supposed that different concentration profiles of mobile
oxygen vacancies can be attributed to these resistive states. The size of the
depleted region can be adjusted by the applied voltage. This switching type
exhibited several resistive states and offers the possibility of multilevel switch-
ing. The lack of oxygen partial pressure dependence of the switching curves
indicated that both switching phenomena result from a pure internal redis-
tribution of oxygen ion/vacancies. Furthermore, the stability of the different
resistive states of several hours was demonstrated for both switching types. In
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combination with the fast switching times realized (bulk related switching ef-
fect (30ns)) and reported (interface related switching mechanism (130ns) [55])
can not be explained by a simple oxygen diffusion. As possible explanation we
propose the formation of a new thermodynamically stable phase.
In conclusion, the fabricated MIM-devices for both switching types will
fulfill most of the requirements for a future nonvolatile memory. As a result of
the experience gained in this work, some promising approaches to improve the
device properties will be presented in the following. For a successful and com-
petitive integration of a RRAM cell, it also seems to be advantageous to avoid
any forming process. Thus a material combination is superior when the form-
ing and switching voltages are in the same voltage range. A possible material
combination could be oxygen deficient STO in combination with two ohmic
electrodes. Furthermore, the use of one oxidizable electrode material (e.g. Ti
or W) and one ion blocking interface (e.g. Nb:STO) seems to be promising to
improve the stability of the device.
10.2 Outlook
Within the framework of this thesis it was possible to classify and partly clar-
ify several mechanisms which occur during resistive switching and forming of
thin film samples. However, the exact microscopic mechanisms could not be
clarified completely. In order to confirm the proposed mechanisms it would
be of pivotal importance to simulate details of the electric field distribution
and the oxygen vacancy profiles by coupled ionic-electronic drift and diffusion
calculations (including nonlinear effects). The simulation results in combina-
tion with the experimental data will allow to get a deeper understanding of
measured effects which seems to be necessary for a further improvement of the
switching properties.
Finally, the proposed idea to explain the long retention times with the
formation of a new phase has to be confirmed experimentally by advanced
analysis tools, e.g. scanning probe or spectroscopic techniques.
Another important point is the influence of doping atoms: Will doping
atoms act as a seeds for the nucleation of the new phase? Does a clusteriza-
tion of the doping atoms show up? And if yes, how will these clusters influence
the properties of the material? These questions will open up new fields for re-
search activities within the next years.
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Figure 72: Circuit scheme of the constructed V/I-converter: input voltage Vmax:+/-
10V; Rref : 100Ω to 1GΩ leading to reasonable currents ranging from 0.1nA to 100mA;
voltage compliance 0V to +/-10V
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Figure 73: (upper part) Image of the V/I-converter; (lower part) Transfer function of
the V/I-converter for a triangular shaped input signal; 100MΩ sample resistance
